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The  puipose  of  this  study  was  to  investigate  the  nonlinear,  inelastic  response  of  one-story, 
symmetric-  and  asymmetric-plan  structures  to  uniaxial  and  biaxial  lateral  earthquake  groimd 
motions.  The  investigation  is  a  combined  experimental  and  analytical  program.  Through  the 
study,  the  lateral-torsional  response  of  the  system  was  studied  for  a  range  of  system  parameters 
with  the  goals  of  examining  the  adequacy  of  current  building  code  torsional  design  assumptions 
and  the  ability  of  analytical  software  to  predict  inelastic  response. 

The  experimental  part  of  the  investigation  involved  subjecting  a  single-story  steel  moment-frame 
to  a  series  of  uniaxial  and  biaxial  earthquake  ground  motions  on  the  U.S.  Army  CERL  shaketable. 
The  structure  used  in  this  study  was  a  rigid  diaphragm,  approximately  eight  feet  on  a  side, 
supported  by  four  steel  pipe  coliunns,  five  feet  in  length.  Sixteen  steel  masses  were  attached  to 
the  structure  in  various  configurations  in  order  to  provide  dead  load  and  mass  asymmetry.  In 
addition,  different  types  of  pipe  columns  and  steel  strap  braces  were  used  to  create  eight  different 
configurations  of  mass,  strength,  and  stifftiess  eccentricity. 

The  analytical  part  of  the  investigation  involved  the  nonlinear  finite  element  programs  Abaqus 
and  Drain-3DX  to  analyze  the  response  of  the  model  during  the  earthquake  simulations. 
Analytical  models  were  created  using  the  experimentally  measured  dynamic  properties  of  the  test 
structure  and  material  properties  of  the  steel  columns.  The  elastic  and  inelastic  response  of  the 
structure  during  each  configuration  was  then  predicted  using  both  Abaqus  and  Drain-3DX. 
Subsequently,  analytical  models  were  created  based  on  typical  design  assumptions,  without  the 
benefit  of  experimentally  measured  structural  properties.  The  inelastic  response  of  the  structure 
was  then  predicted  using  Drain-3DX. 

Implications  of  the  experimental  results  on  the  adequacy  of  seismic  design  provisions  are 
discussed.  In  addition,  the  ability  of  analytical  software  to  predict  inelastic  torsional  response  is 
discussed  for  both  a  model  tuned  to  the  measured  dynamic  properties  of  the  actual  structure  and  a 
model  based  on  common  modeling  assumptions.  Further,  the  effects  on  prediction  accuracy  of 
different  analytical  modeling  parameters  and  assumptions  is  discussed 
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CHAPTER  1 
INTRODUCTION 


1.1  Objective 

The  purpose  of  this  research  project  is  to  investigate  the  nonlinear,  inelastic  response  of  one-story, 
symmetric-  and  asymmetric-plan  systems  to  biaxial  lateral  earthquake  ground  motions.  This  combined 
experimental-analytical  investigation  seeks  to  characterize  the  lateral-torsional  response  of  the  system  for 
a  range  of  system  parameters. 


1.2  Background 

The  complete  inelastic  response  of  structures  is  of  great  interest  because  collapse  is  prevented  during 
earthquakes  primarily  by  the  dissipation  of  energy  that  occxus  after  yielding.  The  current  strategy 
employed  in  designing  structures  to  withstand  large  seismic  groimd  motions  is  one  in  which  the  structure 
is  sacrificed  to  the  benefit  of  its  occupants;  the  preservation  of  human  life  is  the  primary  goal.  As  long  as 
the  structure  doesn't  collapse,  it  has  not  failed,  and  this  is  achieved  by  dissipating  the  energy  imparted  to 
the  structure  by  the  ground  through  the  inelastic,  hysteretic  behavior  of  the  structure.  In  structures  with 
low  damping,  this  hysteretic  behavior  is  the  primary  mechanism  of  energy  dissipation.  Thus, 
understanding  the  seismic  behavior  of  structures  in  the  inelastic  region  is  the  first  step  in  an  effective 
design. 

One  mechanism  that  is  of  particular  interest  in  seismic  behavior  of  structures  is  torsion.  Torsion  is  the 
twisting  of  the  structure.  When  it  is  coupled  with  the  lateral  response,  the  forces  and  displacements  of  the 
various  resisting  elements  are  different  from  those  experienced  when  the  structure  responds  only  in  the 
planar  directions.  Torsion  is  the  result  when  the  mass  distribution  and  stiffiiess  distribution  of  a  structure 
are  not  symmetric  with  respect  to  both  planar  axes  of  motion.  Due  to  architectural  constraints,  buildings 
are  typically  designed  with  the  aforementioned  asymmetries.  However,  even  when  they  are  designed  to 
be  symmetric,  in  actuality  asymmetries  are  present  as  a  result  of  the  imprecise  nature  of  construction,  the 
variability  of  the  objects  and  people  occupying  the  structure,  etc.  Thus,  lateral-torsional  coupling,  to 
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some  degree,  is  a  mechanism  always  present  in  the  seismic  response  of  a  structure.  Therefore,  to  generate 
a  complete  understanding  of  the  response  of  structures  during  earthquakes,  the  inelastic  lateral-torsional 
behavior  must  be  characterized. 

Initially,  the  elastic  seismic  response  of  structures  was  studied  [5,  12, 18, 19, 43,  50,  51,  52,  53],  and  a 
complete  picture  of  this  behavior  now  exists.  The  elastic  torsional  response  depends  on  four  system 
parameters:  the  uncoupled  vibration  period  T  =  27^(0,  the  eccentricity  between  the  center  of  stiffness  and 
the  center  of  mass  Os,  or  the  normalized  stiffness  eccentricity  ejr,  the  uncoupled  torsional  to  lateral 
vibration  frequency  ratio  £2,  and  the  damping  ratio  However,  the  elastic  torsional  response  does  not 
depend  independently  on  the  number,  location,  and  stiffness  of  the  individual  resisting  elements.  The 
effect  of  the  lateral-torsional  coupling  is  such  that  the  dynamic  shear  force,  in  the  direction  of  motion,  is 
reduced  due  to  the  coupling  as  compared  to  the  response  of  the  uncoupled,  or  symmetric  system.  Also, 
the  lateral-torsional  coupling  produces  a  dynamic  amplification  of  the  story  torque  about  the  center  of 
resistance.  The  torsional  coupling  effect  depends  on  the  uncoupled  torsional  to  lateral  frequency  ratio. 
The  reduction  in  the  base  shear  force  due  to  dynamic  torsional  coupling  is  more  pronounced  if  the 
eccentricity  is  large  and  if  the  uncoupled  torsional  to  lateral  frequency  ratio  is  close  to  unity.  The 
dynamic  amplification  of  the  torque  is  more  pronounced  if  the  uncoupled  torsional  to  lateral  frequency 
ratio  is  close  to  unity  and  the  eccentricity  is  small. 

Based  on  the  studies  of  the  elastic  response  of  structures,  code  provisions  have  been  evaluated  [5, 14, 26, 
44,  70,  71,  81,  83],  and  in  many  cases,  suggestions  for  modifications  have  been  made.  In  one  study, 
Chopra  and  Goel  [14]  found  that  although  symmetric-plan  systems  designed  with  R  =  1  are  expected  to 
remain  elastic  in  response,  similarly  designed  asymmetric-plan  systems  may  deform  into  the  inelastic 
range,  and  that  the  ductility  demands  for  the  asymmetric  system  are  generally  greater  than  for  the 
symmetric  system  as  well.  DeStefano  and  Rutenberg  [26]  also  found,  when  evaluating  the  UBC 
Torsional  Provisions,  that  systems  designed  with  a  strength  level  corresponding  to  the  serviceability  limit 
state  may  sustain  relatively  large  inelastic  exclusions.  In  another  study,  Rutenberg  and  Pekau  [70]  found 
that  static  code  provisions  underestimate  the  response  of  members  on  the  rigid  side  of  the  center  of 
stiffness  at  low  frequency  ratios,  as  well  as  of  torque  resisting  members  when  42  is  near  unity  and  the 
eccentricity  is  small.  They  also  found  that  the  provisions  overestimate  the  response  of  members  on  the 
flexible  side  at  low  frequency  ratios  and  when  the  eccentricity  is  large. 

The  design  eccentricity  is  one  aspect  of  code  provisions  that  has  been  the  subject  of  many  investigations. 
Some  codes  amplify  the  static  eccentricity  to  account  for  the  dynamic  amplification  of  the  story  torque. 
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while  other  codes  do  not.  In  addition,  the  accidental  eccentricity  is  also  the  subject  of  discussion.  In  all 
codes,  the  accidental  eccentricity  is  defined  as  some  fi-action  of  the  width  of  the  structure,  but  that  fraction 
differs  with  the  various  code  provisions.  Some  codes  allow  reduction  of  the  stiff-side  element  strength  to 
take  advantage  of  the  torsional  behavior,  while  others  do  not.  The  primary  problem  here  is  that  design 
codes  are  attempting  to  account  for  inelastic  behavior  of  structures  through  an  elastic  design  model. 

However,  the  elastic  response  represents  an  incomplete  picture  of  the  overall  seismic  structural  response. 
As  time  passed  and  analysis  tools  advanced,  the  focus  of  study  shifted  to  the  inelastic  seismic  response  of 
structures.  A  great  deal  of  research  has  been  done  in  this  area,  and  with  good  reason:  building  codes 
specify  a  design  for  current  structures  which  will  produce  inelastic  behavior  at  the  ultimate  limit  state. 
However,  the  inelastic  response  is  not  only  a  fimction  of  the  four  elastic  system  parameters  (uncoupled 
lateral  vibration  period,  uncoupled  torsional  to  lateral  vibration  frequency  ratio,  eccentricity  between  the 
center  of  stiffness  and  the  center  of  mass,  and  the  damping  ratio),  but  is  also  a  function  of  the  distribution 
of  mass,  stiffness,  and  strength  in  plan.  This  has  made  the  task  of  studying  the  inelastic  behavior  of 
structures  and  especially  accoiuiting  for  that  behavior  in  design  codes  much  more  difficult. 

For  elastic  structural  response,  only  the  distance  between  the  center  of  stiffness  and  center  of  mass  is 
important.  A  mass-eccentric  model  and  a  stiffness-eccentric  model  will  behave  in  a  similar  manner  as 
long  as  the  eccentricities  are  the  same.  For  inelastic  response,  however,  the  absolute  locations  of  the  mass 
center  and  stiffness  center  are  important,  not  just  their  relative  positions  to  one  another.  Thus,  a  mass- 
eccentric  model  and  a  stiffness-eccentric  model  will  not  behave  in  a  similar  manner  even  though  the 
eccentricities  are  the  same.  Tso  and  Ying  [78]  investigated  the  effect  of  strength  distribution  on  the 
ductility  demand  of  both  the  flexible-side  and  stiff-side  elements  in  eccentric,  inelastic  systems.  The 
researchers  studied  both  stiffness-eccentric  systems  (SES)  and  mass-eccentric  system  (MBS),  and  fotmd 
that  it  was  necessary  to  develop  separate  guidelines  for  each  of  these  types  of  systems.  When  the  system 
was  excited  into  the  inelastic  region,  the  flexible-side  elements  experienced  large  additional  ductility 
demand  for  the  SES,  while  the  stiff-side  elements  experienced  large  additional  ductility  demand  for  the 
MBS.  In  both  the  SES  and  MES,  the  flexible-side  element  experienced  significant  additional 
displacement.  Goel  and  Chopra  [36]  conclude  that  for  a  system  with  equal  strength  and  stiffness 
eccentricities,  mass-eccentric  and  stiffness-eccentric  systems  may  be  used  interchangeably  to  estimate  the 
deformations  at  the  center  of  stiffness,  but  not  for  predicting  the  maximiun  ductility  demand.  For  systems 
with  no  strength  eccentricity,  the  mass-eccentric  and  stiffiiess-eccentric  systems  respond  very  differently. 
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In  addition,  for  structures  behaving  elastically,  the  strength  distribution  is  not  an  independent  factor  in  the 
response,  because  in  the  elastic  region,  the  strength  is  proportional  to  the  stifl&iess.  However,  the  strength 
eccentricity  is  an  independent  factor  in  the  inelastic  region  of  behavior.  Goel  and  Chopra  [36]  found  that 
strength-symmetric  systems  and  systems  with  strength  eccentricity  much  smaller  than  stiffness 
eccentricity  generally  experience  smaller  effects  of  torsional  coupling  than  do  systems  with  equal  strength 
and  stiffness  eccentricities.  Ferhi  and  Truman  [30,  31]  found  that  systems  with  normalized  strength 
eccentricity  (NP)  in  the  vicinity  of  the  normalized  stif&ess  eccentricity  (NR)  undergo  controlled  inelastic 
rotations  and  lateral  displacements,  while  systems  with  NP  larger  than  NR  undergo  excessive  inelastic 
rotations  but  small  lateral  displacements,  and  systems  with  NP  smaller  than  NR  undergo  small  inelastic 
rotations.  Sadek  and  Tso  [72]  proposed  that  the  strength  eccentricity  should  be  favored  over  the  stiffness 
eccentricity  as  the  parameter  of  interest  in  the  inelastic  response  region.  They  found  that  the  intensity  of 
inelastic  torsional  response  and  stiffness  eccentricity  become  less  well  correlated,  while  the  strength 
eccentricity  does  a  better  job  of  correlating  the  peak  response  parameters  of  interest. 

As  the  dissipation  of  energy  is  of  paramount  importance  in  the  ultimate  limit  state  of  structures, 
characterizing  the  total  cyclic  energy  dissipation  capacity  has  received  recent  attention.  Bruneau  and 
Wang  [3]  suggest  using  a  relative  energy  method  to  evaluate  the  hysteretic  energy  as  it  is  found  to  provide 
a  good  indicator  of  the  nonlinear  inelastic  seismic  structural  performance.  Goel  [38]  uses  various  energy 
quantities,  such  as  total  energy  input  and  total  hysteretic  energy,  to  investigate  the  inelastic  responses  of 
code-designed,  asymmetric-plan  systems  with  large  eccentricities  in  both  directions  and  subjected  to 
biaxial  input  motion. 

As  is  evident  from  the  brief  review  of  inelastic  behavior,  not  only  are  the  number  of  parameters  which 
affect  response  greater  than  for  elastic  response,  but  in  many  cases,  the  variation  of  effects  which  the 
different  parameters  produce  are  dependent  on  each  other  in  a  complex  manner.  For  example,  Bozorgnia 
and  Tso  [2]  found  that  the  effect  of  asymmetry  on  the  element  ductility  demand  and  on  the  edge 
displacement  is  greatest  for  stiff  systems  with  yield  strength  greatly  reduced  from  the  elastic  strength 
demand.  As  noted  above,  Tso  and  Ying  [78]  foimd  that  in  studying  the  effect  of  strength  distribution, 
guidelines  that  apply  to  stif&iess  eccentric  systems  lead  to  poor  response  performance  when  they  are 
applied  to  mass  eccentric  systems,  and  vice  versa. 

Many  problems  have  arisen  in  attempting  to  produce  research  results  that  are  applicable  in  a  general  sense 
to  inelastic  response.  Most  studies  have  utilized  models  that  are  basically  uniaxial  in  nature,  with 
asymmetry  in  only  one  planar  direction  and  subjected  to  uniaxial  input  motions.  Obviously,  this  is  a 
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simplification,  as  real  structures  will  nearly  always  be  subjected  to  components  of  motion  to  some  degree 
firom  both  planar  directions.  However,  this  approach  is  taken  in  order  to  more  easily  understand  the 
effects  of  various  factors  on  the  inelastic  response  and  to  reduce  the  computational  effort,  but  at  the 
expense  of  more  realistic  modeling  of  the  structure. 

Some  researchers  have  noted  that  most  actual  structures  have  resisting  elements  which  are  perpendicular 
to  the  studied  direction  of  motion,  and  that  these  resisting  elements  would  not  provide  lateral  resistance, 
they  would  provide  torsional  resistance.  Consequently,  many  studies  have  been  based  on  models  with 
perpendicular  resisting  elements  while  subjected  to  uniaxial  ground  motions  [14,  15,  25,  34,  35,  36, 37, 
38, 49,  71,  80,  84,  85,  86].  One  notable  response  characteristic  that  these  studies  have  uncovered  is  that 
as  structures  move  further  into  the  inelastic  region  of  response,  the  torsional  response  becomes  less 
important.  This  response  characteristic  is  not  at  all  surprising  based  on  the  model  chosen,  due  to  the  fact 
that  as  the  structure  deforms  inelastically,  the  lateral  stiffness  becomes  very  small  at  times,  while  the 
perpendicular  resisting  elements  will  generally,  for  this  model,  remain  elastic.  Thus,  the  torsional-to- 
lateral  stif&iess  will  become  infinitely  large  at  times,  preventing  the  structure  from  responding  torsionally. 

However,  one  must  examine  the  validity  of  this  type  of  model,  because  in  a  real  earthquake  with  biaxial 
input  motions,  the  perpendicular  resisting  elements  will  be  subjected  to  lateral  motions  as  well,  possibly 
causing  them  to  deform  inelastically.  Chandler  et.  al.  [7]  found  that  evidence  from  past  earthquakes 
supports  this  observation.  This  type  of  behavior  is  not  taken  into  account  in  the  aforementioned  model. 
Based  on  this  argument,  other  researchers  have  chosen  to  return  to  a  purely  uniaxial  research  model,  with 
no  perpendicular  resisting  elements.  Proponents  of  using  perpendicular  resisting  elements  have  argued 
that  the  lateral  ground  motion  that  affects  the  perpendicular  elements  is  generally  much  smaller,  and  thus 
will  not  cause  inelastic  deformation.  Correnza  and  Hutchinson  [16]  found  that  xmi-directional  analyses  on 
a  model  with  transverse  resisting  elements  give  satisfactory  estimates  of  the  inelastic  responses  of  systems 
designed  in  accordance  with  a  range  of  code  static  torsional  provisions. 

It  seems  clear  that  each  of  these  model  configurations  are  limiting  cases  to  the  actual  structure  behavior, 
with  the  absence  of  the  perpendicular  resisting  element  being  the  more  conservative  case.  Chandler,  et. 
al.  [7]  found  that  a  uniaxial  approach  neglecting  transverse  elements  and  loading,  has  been  found  to  give 
accurate  and  reasonably  conservative  estimates  of  the  critical  flexible-edge  deformation,  but  may 
underestimate  the  stiff-edge  element  ductility  demand  by  a  factor  of  two  or  more  in  the  short-period 
range.  Correnza  and  Hutchinson  [16]  found  that  systems  considering  only  the  lateral  load-resisting 
elements  and  the  corresponding  earthquake  ground  motion  input,  may  significantly  overestimate  the 
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response  of  the  flexible-edge  element  in  short-period  systems,  but  are  only  slightly  conservative  for  the 
design  of  such  elements  in  medium-  and  long-period  systems.  Thus,  although  uniaxial  models  do  provide 
useful  insight  into  the  inelastic  behavior  of  structures,  it  is  clear  that  a  model  subjected  to  biaxial  input 
motions  is  necessary  to  gain  an  accurate  picture  of  true  inelastic  response  and  to  validate  any 
simplifications  made  in  the  analysis  models  chosen. 

A  greater  number  of  recent  studies  have  been  based  on  inelastic  models  subjected  to  biaxial  ground 
motions  [7, 16, 20, 28,  33, 42,  67,  68].  Riddell  and  Santa-Maria  [68]  used  a  model  with  force-resisting 
elements  in  both  planar  directions  and  subjected  to  both  uniaxial  and  biaxial  ground  motions.  Based  on  a 
series  of  15  two-component  earthquake  records,  they  found  that  the  effect  of  biaxial  ground  motions  on 
the  deformations  of  the  flexible-side  element  was  significant  for  short  period,  acceleration-sensitive 
systems.  Further,  they  found  that  the  deformations  increase  as  the  eccentricity  and  the  intensity  of  the 
second  ground  motion  component  increase,  and  as  the  yield  strength  and  lateral  period  decrease.  Another 
study  by  Ghersi  and  Rossi  [33],  using  30  pairs  of  artificially  generated  accelerograms,  showed  that  the 
inelastic  response  of  asymmetric  systems  is  not  affected  significantly  by  the  presence  of  both  ground 
motion  components.  And  a  study  by  De  Stefano  et.  al.  [28]  on  the  performance  of  one-way  asymmetric 
systems  designed  according  to  the  Uniform  Building  Code  and  subjected  to  biaxial  ground  motions 
indicated  that  the  peak  ductility  demands  on  elements  aligned  along  the  asymmetric  system  direction  were 
very  close  to,  and  sometimes  lower  than,  those  for  the  corresponding  symmetric  system.  On  the  other 
hand,  the  elements  aligned  along  the  symmetric  direction  experience  significantly  larger  ductility  demand 
than  those  for  the  corresponding  symmetric  system. 

This  interaction  of  parameters  and  their  effects  on  the  structural  response  has  made  the  task  of  developing 
code  guidelines  particularly  difficult.  The  design  codes  are  basically  trying  to  account  for  the  complex 
inelastic  response,  which  is  a  function  of  many  parameters,  using  only  an  effective  eccentricity 
measurement.  Many  researchers  have  studied  the  adequacy  of  torsional  provisions  or  the  performance  of 
code-designed  structures  [5,  7,  8,  9,  10,  14,  17, 20,  21,  22,  26,  28, 29,  34, 41, 44, 48,  54,  58,  62,  65,  69, 

70,  74,  75,  80,  81,  82,  83,  84,  85,  86].  The  studies  that  have  been  performed  to  investigate  the  adequacy 
of  code  provisions  have  used  various  response  quantities,  typically  some  measure  of  ductility  demand  or 
maximum  displacement,  or  some  measure  of  torsion.  Some  studies  attempt  to  correlate  these  quantities 
for  both  the  flexible-  and  stiff-side  elements,  and  some  only  choose  one,  typically  the  flexible-side 
element.  Additionally,  the  accidental  eccentricity  provision  has  been  the  subject  of  much  study  as  well 
[14,  21, 22,  56],  including:  its  effect  on  torsional  response;  whether  the  scaling  factor  should  be 


6 


modified;  how  to  account  for  accidental  torsion;  whether  accidental  eccentricity  should  be  included  in 
research  model  formulations,  and  if  so,  how. 

In  essence,  engineering  is  nothing  more  than  applied  science.  As  science  is  concerned  with  the  behavior 
of  the  world  around  us,  principles  and  theories  are  only  useful  in  as  far  as  they  accurately  describe  or 
predict  that  behavior.  Thus,  it  is  of  paramount  importance  to  verify,  through  experimental  tests,  that  what 
we  believe  should  happen  actually  does  happen.  For  the  purposes  of  testing  the  response  of  structures  to 
seismic  loading,  we  need  to  employ  some  type  of  device  to  produce  a  cyclic  response  in  our  structure  of 
choice.  The  device  can  be  as  simple  as  a  single  hydraulic  piston  which  cyclically  loads  a  frame  at  some 
point,  or  as  complex  as  a  triaxial  shaketable  which  can  comprehensively  simulate  ground  motions  input  to 
a  model  structure.  Any  type  of  test  has  some  value  in  the  results  produced,  but  at  the  same  time,  it  is 
highly  desirable  to  conduct  a  test  that  most  accurately  simulates  the  behavior  of  the  real  world.  This  is 
particularly  true  when  we  are  investigating  the  inelastic  torsional  behavior  of  structures  under  seismic 
loading,  which  is  complex  and  influenced  by  many  variables. 

Few  shaketable  tests  have  focused  solely  on  the  problem  of  inelastic  torsion,  although  other  aspects  of 
seismic  response  have  been  studied.  Chen  and  Wu  [13]  investigated  the  inelastic  behavior  of  a  1/4-scale 
steel  frame  structure  subjected  to  shaketable  input  motions.  However,  the  main  thrust  of  the  study  was 
the  effectiveness  of  the  mass-tuned  dampers  on  reducing  the  overall  seismic  response  of  the  structure 
under  strong  ground  motions.  Nader  and  Astaneh-Asl  [59]  performed  shaketable  tests  on  a  one-story, 
one-bay  steel  structure.  However,  the  primary  objective  of  this  study  was  to  look  at  the  beam-column 
connections,  which  could  be  changed  from  flexible  to  semi-rigid  to  rigid.  Thewalt  and  Mahin  [73]  used 
shaketable  tests  to  help  develop  a  pseudodynamic  test  method  for  three-dimensional  testing  of  structures 
under  multiple  components  of  base  excitation. 

This  study  aims  to  first  and  foremost  begin  to  fill  part  of  the  void  in  the  realm  of  the  experimental, 
shaketable  investigation  of  the  inelastic  torsional  response  of  structures.  The  parameters  of  the  research 
study  are  in  great  part  influenced  by  some  of  the  issues  discussed  above.  Specifically,  the  planar 
distributions  of  mass,  strength,  and  stiffness  are  each  potentially  independent  factors  in  the  seismic 
torsional  response.  Thus,  this  research  study  will  utilize  a  model  that  contains  any  or  all  of  the  three  types 
of  eccentricity.  Additionally,  any  type  of  uniaxial  test  can  only  provide  a  limited  picture  of  the  total 
inelastic  torsional  behavior;  thus,  this  study  will  utilize  a  model  with  strength,  stiffness,  and  mass 
eccentricities  in  both  planar  directions  and  subjected  to  input  motions  in  both  planar  directions.  Until  this 
time,  the  facilities  have  not  been  present  in  this  country  to  conduct  complete  three-dimensional 
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earthquake  simulations  on  a  structure.  Now,  this  is  no  longer  true;  thanks  to  the  recent  retrofit,  the  Tri- 
axial  Earthquake  and  Shock  Simulator  (TESS)  located  at  the  Construction  Engineering  Research 
.  Laboratory  (CERL)  in  Champaign,  Illinois  has  full  triaxial  motion  capability.  An  experimental  study  of 
this  nature  is  a  natural  and  necessary  companion  to  the  analytical  work  that  has  been  done  thus  far  in  the 
seismic  behavior  of  structures.  However,  due  to  the  complexity  of  inelastic  torsional  response  and  the 
many  factors  that  are  influential,  this  study,  which  employs  a  limited  sampling  of  representative  structural 
configurations,  is  only  a  first  step. 


1.3  Experimental  Program 

Since  this  is  one  of  the  first  experimental  studies  of  this  kind,  a  simple  one-story  system  is  appropriate  to 
lay  the  groundwork  for  further  experimental  studies  of  more  complex  structures. 


(A)  MODEL  Structure 

The  structure  used  in  this  study  consists  of  a  diaphragm,  approximately  eight  feet  on  a  side,  supported  by 
four  circular  steel  pipe  columns,  five  feet  in  length.  Eight  octagonal  and  eight  rectangular  steel  masses 
are  available  to  be  attached  to  the  slab  in  various  configurations  in  order  to  provide  additional  dead  load 
and  mass  asymmetry.  The  diaphragm  has  various  construction  details  which  were  necessary  for  the 
assembly  of  the  various  elements  into  a  cohesive  whole.  The  diaphragm  was  designed  to  be  used 
throughout  the  entire  sequence  of  tests,  while  the  columns,  having  plastically  deformed,  were  replaced 
after  each  model  configuration  sequence  was  complete.  Circular  pipe  columns  were  chosen  because  of 
their  complete  plan  symmetry  and  their  reduced  sensitivity  to  torsional  buckling  and,  thus,  greater 
stability.  The  focus  of  this  study  is  the  lateral-torsional  behavior  of  the  system  as  a  whole,  not  the  local 
behavior  of  the  columns.  Non-circular  columns  would  only  add  unnecessary  complexity  to  the  analysis 
of  the  system. 

(B)  Testing  Procedures 

Eight  different  model  configurations  are  studied.  The  configurations  consist  of  different  combinations  of 
varying  parameters:  one-quarter  asymmetric  mass,  one-half  asymmetric  mass,  symmetric  mass, 
asymmetric  and  symmetric  column  strength,  and  concentric  lateral  bracing.  The  mass  asymmetries  are 
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achieved  simply  by  placing  the  masses  all  on  one-quarter  or  one-half  of  the  diaphragm.  In  both  the 
asymmetrical  and  symmetrical  cases,  half  of  the  masses  were  attached  above  and  half  below  the 
diaphragm  to  keep  the  vertical  mass  center  reasonably  near  the  center  of  the  diaphragm.  The  strength 
asymmetry  in  the  structure  is  achieved  by  pairing  two  sets  of  columns  which  have  similar  stiffiiess  but 
different  yield  strengths.  The  stiffness  asymmetry  is  achieved  through  the  use  of  asymmetrical  lateral 
bracing.  The  inclusion  of  each  of  these  different  types  of  asymmetry  will  allow  the  scope  of  the  results  to 
be  more  general. 

The  test  sequence  for  each  model  configuration  was  essentially  the  same.  Preliminary  tests  were 
performed  before  any  earthquake  simulations  in  order  to  determine  the  natural  frequencies  and  damping 
characteristics  of  the  structure.  First,  the  structure  was  subjected  to  white  noise  base  motions.  Transfer 
functions  of  the  acceleration  response  of  the  structure  were  used  to  determine  the  natural  frequencies. 
Second,  the  structure  was  excited  sinusoidally  at  its  measured  natural  frequency.  The  input  motion  was 
then  discontinued,  and  the  motion  of  the  structure  was  allowed  to  decay  to  rest.  Analysis  of  this  response 
using  the  so-called  logarithmic  decrement  of  damping  was  performed  to  determine  the  equivalent 
viscous-damping  ratio.  Third,  the  structure  was  subjected  to  sinusoidal  motions  ranging  in  frequency 
from  1-20  Hertz.  The  response  of  the  structure  to  the  sine  sweep  tests  was  used  to  confirm  the  natural 
frequencies  of  the  structure.  Each  of  the  aforementioned  tests  were  performed  once  in  each  planar  axis, 
and  once  in  the  yaw-axis,  for  a  total  of  nine  preliminary  tests  for  each  model  configuration. 

Following  the  preliminary  tests,  the  structure  was  subjected  to  earthquake  simulations.  The  230  [X]  and 
140  [Y]  degree  acceleration  components  from  the  1979  Imperial  Valley  earthquake  recorded  at  Bonds 
Comer  were  chosen  as  the  base  earthquake  motions  based  on  the  large  response  spectram  magnitudes 
near  the  natural  frequency  of  the  stmcture.  The  goal  in  choosing  the  motions  was  to  achieve  a  ductility  in 
the  response  of  the  structure  in  the  neighborhood  of  four  to  five.  To  this  end,  the  motions  were  modified 
using  a  combination  of  scaling  and  filtering,  and  then  checked  in  finite  element  simulations,  in  order  to 
produce  the  desired  ductility  while  not  violating  the  performance  limits  of  the  shaketable.  This  procedure 
produced  a  set  of  reference  ground  motion  accelerograms  to  be  used  on  the  stmcture. 

The  stmcture  was  first  subjected  to  low-level  earthquake  tests.  The  low-level  tests  were  performed  using 
first  the  X-Axis  input  motion,  then  the  Y-Axis  input  motion,  followed  by  both  axes  simultaneously. 

Next,  the  stmcture  was  subjected  to  the  full-scale  accelerograms.  Typically,  the  shaketable  displacement 
limits  were  such  that  the  earthquake  accelerograms  could  be  scaled  up  by  50%  in  order  to  perform  a 
subsequent  simulation.  When  possible,  this  was  done,  followed  by  white  noise  tests  to  analyze  any 
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changes  in  the  natural  frequency  of  the  structure.  This  general  sequence  of  preliminary  tests  and 
earthquake  simulations  was  followed  for  each  of  the  eight  different  model  configurations. 

1.4  Scope  OF  Study 

Chapter  2  provides  an  overview  of  the  design  of  the  model  structure,  and  the  overall  layout  of  all  aspects 
of  the  experimental  stage  of  this  study.  The  design  of  the  model  structure  is  described,  along  with  the 
details  of  each  of  the  components  used  in  the  model.  The  selection  of  the  input  ground  motions  to  be 
used  during  the  earthquake  simulations  are  discussed,  along  with  the  modifications  made  to  the  original 
ground  motions  to  best  adapt  them  to  the  features  and  limitations  of  the  test  apparatus  and  test  model. 

The  experimental  setup  is  presented,  including  the  placement  of  the  model  structure  on  the  shake  table 
and  the  instrumentation  used  during  the  simulations.  The  test  sequence  is  outlined,  focusing  on  the  eight 
different  test  configurations,  and  their  characteristics,  used  during  the  study.  The  specifics  of  the  testing 
procedure  are  presented,  including  the  general  sequence  of  earthquake  simulations  performed  for  each  test 
configuration,  and  the  dynamic  characterization  tests  performed  before  the  simulations. 

Chapter  3  provides  descriptions  of  the  experimental  test  program  and  the  finite  element  modeling 
procedures.  This  chapter  first  summarizes  response  data  of  the  test  structure  during  the  earthquake 
simulations  and  the  dynamic  characterization  tests.  Summaries  of  test  model  accelerations, 
displacements,  torsional  moments,  overturning  moments,  column  end  moments,  and  base  shears  are 
provided.  The  general  methodologies  used  in  the  computation  and  analysis  of  the  response  quantities 
mentioned  above  that  are  common  to  all  of  the  test  configurations  are  discussed  in  this  chapter. 

Regarding  the  analysis  of  the  structure,  a  general  presentation  is  made  of  the  nonlinear  finite  element 
analyses  performed  during  this  study,  along  with  the  basic  model  used  in  the  analyses  and  any  other 
features  common  throughout  the  analyses  of  the  different  test  configurations. 

Chapters  4-11  provide  summaries  of  the  experimental  test  data  for  each  test  configuration,  along  with 
the  specific  finite  element  modeling  of  each  configuration.  Each  chapter  is  focused  on  one  of  the  eight 
test  configurations,  providing  a  detailed  description  of  the  specific  physical  properties  and  characteristics 
of  the  model  for  the  particular  configuration,  along  with  the  resulting  dynamic  properties.  In  addition,  the 
specific  sequence  of  test  simulations  are  presented  and  discussed,  including  any  simulations  that  were  not 
appropriate  to  present  in  this  report.  The  observed  response  of  the  structure  in  each  simulation  are 
presented  and  discussed,  along  with  any  physical  observations  made  during  the  testing.  Nonlinear  finite 


element  analyses  are  employed  in  an  effort  to  compare  the  actual  experimental  response  with  analytical 
response  predictions.  Finally,  preliminary  summaries  and  conclusions  specific  to  each  test  configuration 
are  presented.  A  list  of  each  of  the  test  configurations,  along  with  their  general  stractural  characteristics 
and  the  specific  chapter  in  which  they  are  presented,  is  shown  below. 
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Table  1.1  Test  Configuration  Summary 

Chapters  12  and  13  provide  a  summary  of  this  study,  conclusions  drawn  from  the  experimental  results 
and  corresponding  analytical  results  along  with  interpretations  of  all  of  the  test  configurations. 
Recommendations  for  future  research  and  design  were  also  given. 


1.5  Report  References 

References  used  in  this  report  are  listed  in  the  List  of  References,  which  is  placed  after  Chapter  13. 
References  are  listed  alphabetically  and  numbered.  In  the  body  of  each  chapter  and  appendix,  reference 
numbers  are  provided. 
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CHAPTER  2 

EXPERIMENTAL  PROGRAM 


This  chapter  provides  an  overview  of  the  design  of  the  model  structure,  the  selection  and 
modification  of  the  input  ground  motions,  experimental  setup  and  instrumentation,  the  sequence 
of  tests  of  the  different  model  configurations,  the  earthquake  simulations,  the  dynamic 
characterization  tests  performed  with  the  simulations,  and  data  recorded.  Additional  details  may 
be  found  in  Appendix  A.  Section  2.1  describes  the  design  of  the  model  structure,  along  with  the 
details  of  each  of  the  components  used  in  the  model.  Section  2.2  describes  the  selection  of  the 
input  ground  motions  to  be  used  during  the  earthquake  simulations.  Also  described  are  the 
modifications  made  to  the  original  ground  motions  to  best  adapt  them  to  the  features  and 
limitations  of  the  test  apparatus  and  test  model.  Section  2.3  briefly  describes  the  experimental 
setup,  including  the  placement  of  the  model  structure  on  the  shake  table,  and  the  instrumentation 
used  during  the  simulations.  More  detailed  information  on  the  instrumentation  setup  can  be 
found  in  Appendix  A.  Section  2.4  outlines  the  test  sequence,  focusing  on  the  eight  different  test 
configurations,  and  their  characteristics,  used  during  the  study.  Section  2.5  briefly  describes  the 
testing  procedure,  including  the  general  sequence  of  earthquake  simulations  performed  for  each 
test  configuration,  and  the  dynamic  characterization  tests  performed  before  the  simulations. 


2.1  Design  of  the  Model  Structure 

The  primary  purpose  of  this  experiment  was  to  test  a  general  theoretical  concept,  not  the  behavior 
of  any  one  particular  structure.  Because  it  was  not  intended  to  replicate  and  model  an  actual 
structure,  it  was  possible  to  design  the  test  model  to  match  the  specifications  of  the  CERL 
shaking  table,  to  accommodate  the  use  of  existing  equipment,  and  to  best  allow  the  observation  of 
the  theoretical  phenomena  of  interest. 

Since  this  is  one  of  the  first  experimental  studies  of  this  kind,  a  simple  one-story  system  is 
appropriate  to  lay  the  groundwork  for  further  experimental  studies  of  more  complex  structures. 
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Figure  2. 1  provides  a  perspective  view  of  the  model  structure.  Many  of  the  details  of  the 
structure  have  been  omitted  from  Figure  2.1,  as  its  purpose  is  only  to  provide  a  general  picture  of 
the  model.  The  structure  consists  of  a  very  stiff  diaphragm,  approximately  eight  feet  on  a  side, 
supported  by  four  pipe-columns  five  feet  in  length.  Large  steel  masses  are  attached  to  the  top  and 
bottom  of  the  diaphragm  to  provide  dead  load  and  mass  asymmetry.  The  positions  of  the  masses 
are  based  on  the  degree,  if  any,  of  mass  eccentricity  desired.  The  masses  are  held  in  place  by  a 
number  of  DYWIDAG  bars,  which  run  through  holes  in  the  masses  and  the  diaphragm;  “nuts” 
thread  onto  the  top  and  bottom  of  these  threaded  rods  to  secure  the  masses.  In  this  study,  the 
columns  are  expected  to  undergo  significant  damage,  and  they  are  the  only  part  of  the  model 
structure  that  is  designed  to  undergo  damage.  The  diaphragm  is  designed  for  use  throughout  the 
entire  sequence  of  tests,  while  the  columns,  having  plastically  deformed,  will  be  replaced  after 
each  model  configuration  sequence  is  complete.  Circular  pipe  columns  were  chosen  because  of 
their  complete  plan  symmetry  and  their  reduced  sensitivity  to  torsional  buckling  and  greater 
stability.  The  focus  of  this  study  is  the  lateral-torsional  behavior  of  the  system  as  a  whole,  not  the 
local  behavior  of  the  columns;  non-circular  columns  under  biaxial  bending  would  only  add 
unnecessary  complexity  to  the  analysis  of  the  system.  Two  elevation  views  of  the  model 
structure  are  shown  in  Figures  2.2  and  2.3,  looking  at  the  east  side  and  south  side  of  the  model, 
respectively.  In  these  elevation  views,  as  in  the  perspective  view  in  Figure  2.1,  the  masses  are 
located  on  the  east  half  of  the  diaphragm. 

The  diaphragm,  as  seen  in  a  plan  view  in  Figure  2.4,  is  composed  of  four  W  12x65  beams  on  the 
perimeter,  with  reinforced  concrete  used  to  fill  the  void  in  the  center.  All  structural  steel  in  the 
diaphragm  has  a  yield  strength  of  50  ksi,  and  the  concrete  has  a  compressive  strength  of  4000  psi. 
The  center-to-center  spacing  of  the  columns  is  96.5  inches,  which  requires  two  of  the  W12x65 
beams  to  have  a  length  of  108.5  inches  and  the  other  two  beams  to  have  a  length  of  84.5  inches. 

Elevation  C-C  in  Figure  2.4  is  shown  in  Figure  2.5.  As  seen  in  Figure  2.5,  the  concrete  infill  is 
not  of  constant  thickness,  but  is  predominantly  8  inches  thick,  with  the  infill  becoming  thicker 
near  the  beams.  The  concrete  is  reinforced,  top  and  bottom,  by  fourteen  equally  spaced  No.  5 
bars,  each  way.  Also,  36  hollow  steel  tubes,  with  an  outer  diameter  of  2  inches,  a  thickness  of 
7/32  inches,  and  a  height  of  8  inches,  are  spaced  at  12-1/6  inches  center-to-center  in  the  concrete 
infill,  as  can  be  seen  in  both  Figure  2.4  and  Figure  2.5.  These  steel  tubes  are  the  pass-through 
points  of  the  previously  mentioned  Dywidag  bars. 
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Elevation  A-A  in  Figure  2.4  is  shown  in  Figure  2.7.  From  Figures  2.7,  2.8,  and  2.9,  the  details  of 
the  diaphragm  comers  can  be  seen.  At  each  comer,  eight  steel  tubes,  each  with  an  outer  diameter 
of  2-1/4  inches  and  a  thickness  of  'A  inch,  are  welded  in  place  between  the  flanges  of  the  W  12x65 
beams.  Bolts  will  pass  through  a  hole  in  the  top  flange,  one  of  the  steel  tubes,  a  hole  in  the 
bottom  flange,  and  then  a  hole  in  the  coliunn  top  plate  to  attach  the  diaphragm  to  the  columns. 

The  tubes  support  the  flanges  in  bearing  the  loads  from  the  column  bolts.  In  addition,  the  details 
of  the  steel  tubes  can  be  seen  in  Figures  2.5  and  2.6.  Also  welded  in  place  between  the  flanges  of 
the  beams  are  3/8-inch  stiffener  plates.  These  plates  are  welded  perpendicular  to  the  webs  of  the 
longer  W12x65  beams,  thereby  appearing  to  extend  the  webs  of  the  shorter  beams.  This  provides 
symmetry  at  the  comers,  as  can  best  be  seen  in  Figure  2.8. 

Beam  flange  details  1  and  2  from  Figure  2.4  are  shown  in  Figures  2.10  and  2.1 1,  respectively. 
Figure  2.10  provides  a  view  of  the  holes  in  the  top  flange  at  one  of  the  diaphragm  comers,  which 
are  also  the  previously  discussed  pass-through  points  of  the  bolts  that  secure  the  colimms  to  the 
diaphragm.  At  the  midpoint  of  each  beam,  large  eye  bolts  were  attached  to  the  diaphragm  to 
provide  lifting  points  for  the  overhead  crane.  Figure  2.1 1  shows  the  pass-through  points  for  these 
eye  bolts.  At  each  of  these  four  locations,  a  hole  was  cut  in  the  top  and  bottom  flanges  of  the 
beams  and  a  steel  tube  was  welded  in  place  between  the  flanges,  in  a  similar  fashion  to  the 
previously  discussed  column  bolt  pass-through  points  at  the  diaphragm  comers. 

Figures  2.12  -  2.14  show  the  column  assemblies  that  are  bolted  to  each  of  the  four  comers  of  the 
diaphragm.  Each  column  assembly  consists  of  a  60  inch  steel  pipe  with  a  top  end  plate  and  a 
bottom  end  plate  welded  to  the  pipe.  In  total,  three  different  types  of  steel  pipe  are  used:  4-inch 
extra-strong,  5-inch  standard,  and  4-inch  double  extra-strong.  The  exact  configurations  during 
which  each  of  these  types  is  used  will  be  discussed  later  in  this  chapter.  Although  three  different 
types  of  pipe  are  used,  the  cross-sectional  properties  are  the  only  parameters  that  change.  In  each 
case,  the  pipes  are  60  inches  in  length,  and  have  the  exact  same  types  of  end  plates  attached  to  the 
top  and  bottom. 

The  top  and  bottom  end  plate  details  are  shown  in  Figures  2.13  and  2.14.  In  each  case,  the  plates 
are  2  inches  thick.  The  pattern  and  spacing  of  the  holes  in  the  top  end  plate  are  designed  to  match 
the  pattern  and  spacing  of  the  bolt  holes  at  each  comer  of  the  diaphragm.  In  the  same  manner,  the 
pattern  and  spacing  of  the  holes  in  the  bottom  end  plate  are  designed  to  match  the  pattern  and 
spacing  of  the  threaded  bolt  holes  in  the  surface  of  the  shake  table.  In  each  case,  the  overall 
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dimensions  of  the  end  plates  followed  from  the  bolt  hole  locations.  The  end  plates  are  welded  to 
each  pipe  column  with  a  complete  joint  penetration  weld,  and  reinforced  with  a  fillet  weld.  In 
order  to  remove  any  residual  stresses  in  the  pipe,  and  also  to  proof  test  the  strength  of  the  welds,  a 
tension  test  was  performed  on  each  column  assembly.  Each  assembly  was  loaded  through  the  end 
plates  past  the  average  yield  stress  of  the  pipe  column.  For  the  4”  Extra-Strong  columns  used  in 
Test  Configurations  1-4,  the  yield  load  was  approximately  150  kips.  For  the  5”  Standard  columns 
used  in  Test  Configurations  5  and  7,  the  yield  load  was  approximately  210  kips.  For  the  4”  Extra- 
Strong  columns  used  in  Test  Configuration  6,  the  yield  load  was  approximately  340  kips.  For  the 
4”  Double  Extra-Strong  columns  used  in  Test  Configurations  5  and  7,  the  yield  load  was 
approximately  340  kips.  Due  to  time  constraints,  the  4”  Extra-Strong  columns  used  in  Test 
Configuration  8  were  not  proof  tested. 

Each  column  assembly  was  secured  to  the  diaphragm  via  the  top  end  plate  with  eight  A490  bolts, 
1-1/8  inches  in  diameter,  as  seen  in  Figure  2.15.  The  bolts  were  passed  down  through  a  hole  in 
the  top  flange,  through  one  of  the  steel  tubes  welded  in  between  the  flanges,  through  a  hole  in  the 
bottom  flange,  and  then  through  the  column  top  end  plate.  A  nut  was  attached  to  the  bolt  below 
the  column  top  end  plate.  Each  column  assembly  was  secured  to  the  shake  table  via  the  bottom 
end  plate  with  four  bolts,  1-9/16  inches  in  diameter.  The  shake  table  surface  has  a  pattern  of 
holes  regularly  spaced  at  12-1/16  inches,  and  tapped  into  the  surface  6  inches  deep.  Shake  table 
mounting  bolts,  which  are  1-1/4  x  7  high-strength  steel  studs  threaded  over  the  entire  length,  are 
screwed  down  into  the  appropriate  shake  table  holes,  and  then  pass  up  through  one  of  the  holes  in 
the  column  bottom  end  plate.  A  washer  and  nut  were  placed  on  the  bolt  above  the  column  bottom 
end  plate.  Each  of  the  nuts  was  tightened  with  a  minimum  torque  of  approximately  600  ft*lbs. 

In  order  to  allow  for  different  test  configurations  with  differing  degrees  of  mass  eccentricity, 
large  removable  steel  masses  were  utilized  on  the  experimental  model.  Two  different  types  of 
masses  were  used,  as  seen  in  Figures  2.16  and  2.17.  The  octagonal  masses  had  been  used 
previously  in  shake  table  testing  at  CERL.  Thus  only  the  square  masses  were  manufactured  new 
for  this  study.  Eight  1500  pound  masses  of  each  type  were  used  in  each  test.  The  diaphragm  and 
masses  were  designed  such  that  the  masses  could  be  placed  both  above  and  below  the  diaphragm 
in  order  to  keep  the  vertical  center  of  mass  roughly  at  the  mid-height  of  the  diaphragm,  regardless 
of  how  the  masses  were  arranged.  The  octagonal  masses,  having  larger  plan  dimensions,  were 
located  on  the  top  of  the  diaphragm,  and  the  square  masses  were  designed  to  fit  when  attached  to 
the  bottom  of  the  diaphragm.  The  masses  and  their  placements  are  shown  in  Figure  2.18,  which 
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is  again  Elevation  C-C  from  Figure  2.4.  Because  the  octagonal  masses  were  already  available  to 
use,  their  hole  pattern  dictated  the  hole  pattern  and  spacing  in  the  square  masses  and  in  the 
diaphragm  concrete  infill. 

Securing  the  masses  in  place  on  and  under  the  diaphragm  were  Dywidag  Threadbars.  These  bars 
are  essentially  1-1/4  inch  diameter  rebar,  with  an  ultimate  stress  of  150  ksi.  The  Threadbars  are 
designed  for  prestressing,  and  have  “a  continuous  rolled-in  pattern  of  thread-like  deformations” 
along  their  entire  length.  Three  different  lengths,  50  inches,  64  inches,  and  100  inches,  were  used 
in  the  various  test  configurations,  depending  on  the  number  of  masses  in  each  stack.  Nine  bars 
were  used  for  each  stack.  On  each  end  of  the  Dywidag  bars,  a  nut  and  a  washer  plate  were  used 
to  secure  the  bar.  Before  the  nuts  were  tightened,  each  bar  was  pulled  using  a  compact  hydraulic 
jack  to  approximately  one-half  of  the  ultimate  load.  The  nuts  were  then  tightened  by  hand,  and 
the  bars  were  released  from  the  jack,  thereby  leaving  each  bar  stressed. 

Test  Configurations  6  and  7  utilized  asymmetric  concentric  lateral  bracing  to  produce  a  stiffness 
asymmetry  as  shown  in  Figure  2.19.  Test  Configuration  6  featured  1-3/8”  x  14”  steel  strap  braces 
on  the  north  side,  and  1-7/8  x  14”  steel  strap  braces  on  the  south  side  of  the  model.  Test 
Configuration  7  featured  1-1/4”  x  14”  strap  braces  on  the  north  side,  and  1-3/4”  x  14”  strap  braces 
on  the  south  side  of  the  stmcture.  All  braces  were  65”  in  length.  The  straps  were  welded  both  to 
attachment  plates  secured  to  the  model  structure  (Figures  2.22  and  2.23)  to  and  attachment  plates 
secured  to  the  shake  table  surface  (Figures  2.20  and  2.21).  The  braces  were  designed  to  provide 
strength  and  stiffness  only  while  in  tension. 

With  the  exception  of  the  octagonal  masses,  each  of  the  experimental  test  components  was 
fabricated  by  a  local  machine  shop  and  delivered  to  the  testing  facility  at  CERL.  The  column 
assemblies  were  delivered  having  already  been  proof  tested,  and  the  diaphragm  was  delivered  as 
one  complete  unit.  Assembly  of  the  entire  structure,  including  securing  the  columns  to  the  shake 
table  sxuface  and  to  the  diaphragm,  and  securing  the  masses  to  the  diaphragm,  was  performed  by 
in-house  personnel. 
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2.2  Selection  OF  Input  Motions 


The  1971  San  Fernando  -  Pacoima  Dam  [Paeoima]  164-  and  254-degree  components  and  the 
1979  Imperial  Valley  -  Bonds  Comer  [Imperial  Valley]  230-  and  140-degree  components  were 
initially  chosen  as  the  two  candidates  to  be  used  throughout  the  testing  as  the  input  ground 
motions.  They  were  chosen  on  the  basis  of  their  response  spectrum  near  the  period  of  the  model. 
Other  motions  considered  were  from  the  Taft,  Castica,  Northridge,  El  Centro,  and  San  Fernando 
earthquakes.  Also,  two  simulated  earthquakes  were  considered.  Both  the  Pacoima  and  Imperial 
Valley  motions  had  spectral  accelerations  which  were  relatively  large  in  magnitude  compared 
with  the  other  earthquake  motions  considered,  and  were  also  relatively  constant  in  the  period 
range  of  the  stracture. 

Both  motions  were  altered  based  on  simulations  using  Abaqus,  a  nonUnear  finite-element  analysis 
program,  as  described  below.  Two  criteria,  after  the  initial  selection  of  the  Pacoima  and  Imperial 
Valley  motions,  were  used  to  determine  the  suitability  of  the  input  motions.  First,  the  shake  table 
has  displacement  limits  of  ±  2.375  inches  and  ±  6.0  inches  in  the  X  [  north  -  south  ]  and  Y  [  east  - 
west  ]  directions,  respectively.  Thus,  the  input  motions  must  be  scaled  accordingly  so  as  not  to 
exceed  these  limits.  Second,  it  was  desired  that  the  structure  reach  a  ductility  of  4  -  5,  during  the 
strongest  tests.  Thus,  the  input  motions  needed  to  be  scaled  accordingly  to  produce  the  desired 
response.  The  first  condition  is  a  function  of  the  maximum  input  record  displacements,  while  the 
second  condition  is  primarily  a  function  of  the  maximum  input  record  accelerations. 

Initially,  the  motions  were  simply  scaled  such  that  the  input  displacements  did  not  exceed  the 
shake  table  displacement  limits.  In  order  to  determine  the  model  response,  nonlinear  finite 
element  simulations  were  performed  using  Abaqus.  Three  structure  models  were  created.  The 
first  had  the  masses  symmetrically  distributed  on  the  top  of  the  stmcture.  The  second  had  the 
masses  placed  only  on  one-half  of  the  structure.  The  third  had  the  masses  placed  only  on  one- 
quarter  of  the  structure.  These  three  models  were  representative  of  the  three  structure 
configurations  planned  for  the  first  four  tests.  The  model  was  first  analyzed  using  a  pushover 
analysis  to  determine  the  yield  displacement  of  the  strueture.  It  was  found  to  be  approximately 
Vi-inch.  Each  of  the  three  models  was  then  subjeeted  to  the  original  scaled  motions.  It  was  found 
that  the  scaling  factor  required,  approximately  0.4,  reduced  the  input  accelerations  to  such  a 
degree  that  the  desired  ductility  in  the  model  was  not  being  achieved.  Thus,  the  next  option 
considered  was  filtering  the  input  motions. 
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The  input  motions  were  first  subjected  to  a  high-pass  filter  at  1/3  Hz,  meaning  that  all  motion 
information  at  frequencies  greater  than  1/3  Hz  was  retained,  while  all  information  at  frequencies 
below  1/3  Hz  was  discarded.  This  had  the  effect  of  reducing  the  maximum  displacements  while 
not  affecting  the  maximum  accelerations.  The  acceleration  records  do  lose  some  information  in 
the  filtering  process,  but  the  information  lost  is  small  in  magnitude,  and  therefore  the  maximum 
accelerations  of  the  record  are  unchanged.  With  regard  to  displacements,  the  opposite  is  true. 
The  larger  magnitude  displacements  arise  from  the  low-frequency  waves.  Filtering  out  the  low- 
frequency  information  will  greatly  reduce  the  maximum  displacements  in  the  record.  Thus,  a 
high-pass  frequency  filter  will  reduce  the  maximum  displacements  without  reducing  the 
maximum  accelerations.  This  is  exactly  what  is  needed,  as  it  will  allow  the  filtered  records  to  be 
scaled  up  with  respect  to  the  unfiltered  records,  thereby  increasing  the  maximum  accelerations 
imposed  on  the  structure,  while  not  exceeding  the  shake  table  displacement  limits. 

The  input  motions  filtered  at  1/3  Hz  were  then  again  scaled  to  fall  within  the  maximum  shake 
table  displacement  limits.  It  was  found  through  the  Abaqus  simulations  that  the  model 
displacement  ductility  response  was  approximately  3  when  these  motions  were  used.  With  a 
larger  ductility  response  desired,  the  input  motions  were  then  high-pass  filtered  at  1/2  Hz  and 
scaled  according  to  the  shake  table  limits.  The  resulting  model  ductility  response  was 
approximately  4  -  5  according  to  the  Abaqus  simulations.  Thus,  the  input  motions  subjected  to  a 
high-pass  filter  at  1/2  Hz  produced  the  desired  ductility,  and  were  therefore  used  as  the  initial 
input  motion  set. 

Another  factor  came  into  play  which  influenced  the  choice  of  the  Imperial  Valley  records  as  the 
primary  motion.  The  shake  table  Y-Axis,  which  has  a  larger  displacement  capability  than  the  X- 
Axis,  has  a  smaller  acceleration  capability  than  the  X-Axis.  Thus,  it  would  be  desirable  to  have  a 
set  of  input  motions  which  were  a  good  fit  to  these  displacement  capabilities.  The  Imperial 
Valley  record  had  a  larger  peak  acceleration  along  the  230  degree  axis  than  the  140  degree  axis, 
but  had  a  larger  peak  displacement  along  the  140  degree  axis.  The  Pacoima  record  had  its  largest 
peak  acceleration  and  displacement  along  the  same  axis. 

The  Imperial  Valley  input  ihotions  high-pass  filtered  at  1/2  Hz  were  used  as  the  reference  ground 
motions  in  Test  Configuration  1.  After  reviewing  the  model  response,  it  was  determined  that  the 
X-Axis  input  motion  needed  to  be  scaled  up  further.  Thus,  the  X-Axis  motion  was  high-pass 
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filtered  at  1  Hz,  and  then  scaled  according  to  the  shake  table  displacement  limits.  The  Y-Axis 
motion  was  not  modified  any  further.  Beginning  with  Test  Configuration  2,  the  reference  ground 
motions  used  were  Imperial  Valley  with  frequency  information  less  than  14  Hz  filtered  out  in  the 
Y-Axis,  and  less  than  1  Hz  filtered  out  in  the  X-Axis. 

The  goal  in  choosing  the  motions  was  to  achieve  ductility  in  the  response  of  the  sfructure  in  the 
neighborhood  of  four  to  five.  To  this  end,  the  motions  were  modified  using  a  combination  of 
scaling  and  filtering  and  then  checked  in  finite  element  simulations  using  Abaqus,  in  order  to 
produce  the  desired  ductility  and  not  exceed  the  displacement  limits  of  the  shake  table.  This 
procedure  produced  a  set  of  reference  ground  motion  accelerograms  to  be  used  on  the  structure. 
Figures  2.24  and  2.25  show  the  original  X-Axis  and  Y-Axis  Imperial  Valley  input  motions, 
before  any  filtering  was  performed,  and  scaled  according  to  the  shake  table  limits.  Figures  2.26 
and  2.27  show  the  X-Axis  and  Y-Axis  Imperial  Valley  input  motions  high-pass  filtered  at  Vi  Hz, 
and  scaled  according  to  the  shake  table  limits.  These  motions  were  used  in  Test  Configuration  1 . 
Figure  2.28  shows  the  X-Axis  Imperial  Valley  input  motion  high-pass  filtered  at  1  Hz,  and  scaled 
according  to  the  shake  table  limits.  Beginning  with  Test  Configuration  2,  the  motions  shown  in 
Figures  2.27  and  2.28  were  used  as  the  reference  ground  motions.  Figures  2.29  and  2.30  show 
the  response  spectra  for  the  original  unfiltered  motions  and  for  the  Test  Configuration  2  ground 
motions,  respectively. 


2.3  Experimental  Setup 

The  first  step  in  preparing  the  model  structure  for  experimental  tests  was  to  place  the  column 
assemblies  on  the  shake  table,  and  secure  them  to  the  table  with  the  shake  table  mounting  bolts, 
such  that  the  column  bottom  plates  experience  the  same  motion  as  the  shake  table  itself  The 
diaphragm  was  then  moved  into  position  and  secured  to  the  tops  of  the  columns.  Next,  the 
masses  were  attached  to  the  diaphragm  in  the  appropriate  locations.  All  nut-bolt  assemblies  were 
then  retightened  once  the  entire  model  was  setup  on  the  shake  table. 

The  overhead  crane  in  the  shake  table  bay  was  used  to  move  all  of  the  model  structure 
components  into  position.  During  the  tests,  the  overhead  crane  remained  very  loosely  connected 
to  the  diaphragm  to  prevent  the  model  from  damaging  the  shake  table  in  the  event  the  model 
structure  collapsed. 
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Test  structure  instrumentation  was  installed  on  the  model  structure  to  record  absolute 
accelerations  of  the  shake  table  and  diaphragm,  absolute  displacements  of  the  shake  table  and 
diaphragm,  and  strains  in  the  columns  and  diagonal  braces.  Details  of  the  data  acquisition  system 
and  test  instrumentation  are  provided  in  Appendix  A.  Table  A.l  lists  all  data  acquisition  channels 
and  in  which  test  configuration  each  was  used.  Figures  A.2  —  A.  10  show  the  locations  of  all 
transducers. 


2.4  Test  Sequence 

Eight  different  model  configurations  were  studied  as  shown  in  Table  2.1.  Perspective  views  of  a 
simplified  model  structure  in  each  of  the  eight  different  configurations  are  shown  in  Figures  2.31- 
2.38.  The  configurations  consist  of  different  combinations  of  varying  parameters:  one-qUarter 
asymmetric  mass,  one-half  asymmetric  mass,  symmetric  mass,  asymmetric  and  symmetric 
column  strength,  and  concentric  lateral  bracing,  which  also  provides  stiffness  asymmetry.  The 
inclusion  of  each  of  these  different  types  of  asymmetry  will  allow  the  scope  of  the  results  to  be 
more  general  in  nature. 

The  one-half  mass  asymmetry  is  achieved  by  placing  the  masses  in  two  stacks  on  one-half  of  the 
diaphragm,  as  shown  in  Figure  2.34.  Similarly,  the  one-quarter  mass  asymmetry  is  achieved  by 
placing  the  masses  on  one-quarter  of  the  diaphragm  in  one  stack,  as  shown  in  Figure  2.33.  In  the 
case  of  the  one-half  mass  asymmetric  system,  the  center  of  mass  moves  approximately  15.3 
inches  from  the  geometric  center  of  the  diaphragm  in  the  direction  of  the  mass  stack.  In  that  the 
span  of  the  diaphragm,  column  center  to  column  center,  is  96.5  inches,  the  eccentricity  generated 
is  approximately  16%  of  the  plan  dimension  along  one  axis.  In  the  case  of  the  one-quarter  mass 
asymmetric  system,  the  center  of  mass  moves  approximately  15.3  inches  from  the  geometric 
center  along  both  lateral  axes,  creating  an  eccentricity  of  approximately  16%  along  both  the 
north-south,  or  X,  axis  and  the  east-west,  or  Y,  axis.  In  both  the  mass-asymmetrical  and  mass- 
symmetrical  cases,  half  of  the  masses  are  attached  above  and  half  below  the  diaphragm  to  keep 
the  vertical  mass  center  reasonably  near  the  center  of  the  diaphragm.  Regardless  of  the  mass 
distribution,  all  16  masses,  8  above  and  8  below  the  diaphragm,  were  used  for  each  test 
configuration. 
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Test  Configurations  1  and  2  featured  a  symmetric  mass  distribution  and  four  4”  Extra-Strong 
columns  as  shown  in  Figures  2.31  and  2.32.  In  Test  Configuration  1,  the  model  structure  was 
subjected  to  full-scale  earthquake  input  motions  along  the  east-west  [Y]  axis  only.  The  objective 
of  this  was  to  provide  a  simpler  input  and  structural  response,  in  an  effort  to  check  the  behavior  of 
the  shake  table,  model  structure,  and  all  instrumentation  under  full-scale  input.  Following  Test 
Configuration  1,  all  subsequent  test  configurations  utilized  full-scale  input  motions  along  both 
horizontal  axes.  Test  Configuration  3,  as  shown  in  Figure  2.33,  featured  a  one-quarter 
asymmetric  mass  distribution,  with  the  masses  in  the  northeast  diaphragm  comer,  and  four  4” 
Extra-Strong  columns.  Test  Configuration  4  featured  a  one-half  asymmetric  mass  distribution, 
with  the  masses  on  the  east  side  of  the  diaphragm,  and  four  4”  Extra-Strong  columns  as  shown  in 
Figure  2.34. 

Test  Configuration  5,  as  shown  in  Figure  2.35,  featured  a  one-half  asymmetric  mass  distribution, 
with  the  masses  on  the  north  side  of  the  diaphragm.  Test  Configuration  5  also  featured  a  strength 
asymmetry  achieved  by  placing  two  5”  Standard  pipe-columns  on  the  north  side  of  the  model 
stmcture  and  two  4”  Double  Extra-Strong  pipe-columns  on  the  south  side  of  the  stmcture.  The  5” 
Standard  pipe  and  4”  Double  Extra-Strong  pipe  have  similar  moments  of  inertia,  15.2  in'*  and  15.3 
in'*,  respectively,  and  thus  have  similar  elastic  stiffiiess.  On  the  other  hand,  the  5”  Standard  pipe 
has  a  yield  moment  of  363.5  kip-inches  and  an  axial  yield  load  of  215  kips,  while  the  4”  Double 
Extra-Strong  pipe  has  a  yield  moment  of  438.7  kip-inches  and  an  axial  yield  load  of  356.4  kips, 
creating  the  strength  asymmetry 

Test  Configurations  6  and  7,  as  shown  in  Figures  2.36  and  2.37,  both  featured  a  one-half 
asymmetric  mass  distribution,  with  the  masses  on  the  south  side  of  the  diaphragm.  Four  4”  Extra- 
Strong  columns  were  used  for  Test  Configuration  6.  Test  Configuration  7  features  a  strength 
asymmetry  with  two  5”  Standard  pipe-columns  on  the  west  side  and  two  4”  Double  Extra-Strong 
pipe-columns  on  the  east  side  of  the  structure.  Both  test  configurations  also  possessed  a  stiffness 
asymmetry,  achieved  through  the  use  of  asymmetrical  concentric  lateral  bracing  consisting  of 
slender  steel  straps.  The  straps  were  welded  both  to  attachment  plates  secured  to  the  model 
structure  to  and  attachment  plates  secured  to  the  shake  table  surface.  Test  Configuration  6 
featured  1-3/8”  x  14”  strap  braces  on  the  north  side,  and  1-7/8  x  14”  strap  braces  on  the  south  side 
of  the  model.  Test  Configuration  7  featured  1-1/4”  x  14”  strap  braces  on  the  north  side,  and  1- 
3/4”  X  14”  strap  braces  on  the  south  side  of  the  structure.  The  braces  were  designed  to  provide 
strength  and  stiffness  only  while  in  tension. 
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Test  Configuration  8,  as  shown  in  Figure  2.38,  was  identical  to  Test  Configuration  3  and  thus 
featured  a  one-quarter  as3TOmetric  mass  distribution,  with  the  masses  in  the  northeast  diaphragm 
comer,  and  four  4”  Extra-Strong  columns. 


2.5  Testing  Procedure 

Prior  to  performing  any  shake  table  simulations  using  the  earthquake  input  motions,  a  series  of 
tests  were  performed  to  characterize  the  model  stmcture,  including  the  determination  of  its 
natural  frequencies  and  damping  characteristics.  First,  the  structure  was  subjected  to  white  noise 
base  motions.  Transfer  functions  of  the  acceleration  response  of  the  stmcture  were  used  to 
determine  the  natural  frequencies.  Second,  the  stmcture  was  excited  sinusoidally  at  its  measured 
natural  frequency.  The  input  motion  was  then  suddenly  discontinued,  and  the  motion  of  the 
stmcture  was  allowed  to  decay  to  rest.  Analysis  of  this  response  using  the  so-called  logarithmic 
decrement  of  damping  was  performed  to  determine  the  equivalent  viscous-damping  ratio.  Third, 
the  stmcture  was  subjected  to  sinusoidal  motions  ranging  in  frequency  from  1-20  Hertz.  The 
response  of  the  stmcture  to  the  sine  sweep  tests  was  used  to  confirm  the  natural  frequencies  of  the 
stmcture.  Each  of  the  aforementioned  tests  were  performed  once  in  each  planar  axis,  and  once  in 
the  yaw-axis,  for  a  minimum  total  of  nine  preliminary  tests  for  each  model  configuration. 

Following  the  characterization  tests,  the  stmcture  was  subjected  to  the  earthquake  simulations. 
The  230  [X]  and  140  [Y]  degree  acceleration  components  from  the  1979  Imperial  Valley 
earthquake  recorded  at  Bonds  Comer,  as  discussed  previously,  were  chosen  as  the  base 
earthquake  motions.  The  stmcture  was  first  subjected  to  low-level  earthquake  tests,  typically 
with  input  motions  of  10-25%  of  the  reference  input  record.  The  low-level  tests  were  performed 
using  first  the  X-Axis  input  motion,  then  the  Y-Axis  input  motion,  followed  by  both  axes 
simultaneously.  Next,  the  stmcture  was  subjected  to  the  full-scale  reference  accelerograms.  If 
possible,  the  full-scale  reference  accelerograms  were  scaled  up  to  the  extent  allowed  by  the  shake 
table  displacement  limits  in  order  to  perform  a  subsequent  simulation.  No  vertical  motions  were 
used  as  input  in  this  study.  Following  each  earthquake  simulation,  the  characterization  tests  were 
again  performed  to  assess  any  changes  to  the  properties  of  the  model  stmcture.  Also,  following 
each  full-scale  earthquake  simulation,  visual  inspection  of  the  model  stmcture  was  conducted. 
This  general  sequence  of  preliminary  characterization  tests  and  earthquake  simulations  was 
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followed  for  each  of  the  eight  different  model  configurations.  The  specific  sequence  of  the 
earthquake  simulations  performed  on  the  model  structure  is  presented  in  Table  2.2. 
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Test  Configuration 

Earthquake 
Simulation  Test  No. 

Input  Motions 

PGAx(g) 

PGAvCg) 

1 

1 

25%  X-Axis 

0.238 

N/A 

2 

25%  Y-Axis 

N/A 

0.162 

3 

25%  Biaxial 

0.232 

0.160 

4 

25%  X-Axis  Pacoima 

0.209 

N/A 

5 

25%  Y-Axis  Pacoima 

N/A 

0.236 

6 

25%  Biaxial  Pacoima 

0.211 

0.240 

7 

100%  Y-Axis 

N/A 

0.678 

8 

200%  Y-Axis 

N/A 

1.625 

9 

100%  Y-Axis 

N/A 

0.682 

10 

150%  Y-Axis 

N/A 

1.104 

11 

150%  Y-Axis 

N/A 

1.123 

2 

12 

25%  X-Axis 

0.250 

N/A 

13 

25%  Y-Axis 

N/A 

0,168 

14 

25%  Biaxial 

0,248 

0.170 

15 

100%  Biaxial 

1.080 

0.699 

16 

150%  Biaxial 

1.582 

1.141 

17 

150%  Biaxial 

1.586 

1.123 

3 

18 

10%  X-Axis 

0.102 

N/A 

19 

10%  Y-Axis 

N/A 

0.064 

20 

10%  Biaxial 

0.098 

0.061 

21 

10%  Biaxial 

0.096 

0.062 

22 

10%  Biaxial 

0.109 

0.066 

23 

100%  Biaxial 

1.299 

0.797 

24 

150%  Biaxial 

1.916 

1.137 

4 

25 

10%  X-Axis 

0.105 

N/A 

26 

10%  Y-Axis 

N/A 

0.070 

27 

10%  Biaxial 

0.102 

0.062 

28 

1 00%  Biaxial 

1.115 

0.711 

29 

150%  Biaxial 

1.629 

1.121 

5 

30 

10%  X-Axis 

0.102 

N/A 

31 

10%  Y-Axis 

N/A 

0.064 

32 

10%  Biaxial 

0.100 

0.059 

33 

100%  Biaxial 

1.084 

0.664 

34 

100%  Biaxial 

1.086 

0.658 

35 

150%  Biaxial 

1.637 

1.045 

6 

36 

1 0%  Biaxial 

0.117 

0.191 

37 

10%  X-Axis 

0.119 

N/A 

38 

10%  Y-Axis 

N/A 

0.189 

39 

100%  Biaxial 

0.846 

1.926 

40 

100%  X-Axis  90%  Y-Axis 

1.318 

1.951 

7 

41 

100%  X-Axis  75%  Y-Axis 

1.367 

1.582 

42 

100%  X-Axis  85%  Y-Axis 

1.357 

1.881 

43 

100%  Biaxial 

1,354 

1.986 

44 

100%  X-Axis  90%  Y-Axis 

1.367 

1.861 

8 

45 

100%  Biaxial 

1.187 

0,699 

46 

135%  Biaxial 

1.559 

0.990 

Table  2.2  List  of  Earthquake  Simulations  Performed 
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Figure  2.1  Perspective  View  of  Model  Structure 
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Figure  2.4  Plan  View  of  Diaphragm 
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Figure  2.9  Diaphragm  Elevation  B-B 
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Figure  2.15  1-1/8”  Diameter  A490  Bolt 
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Figure  2.25  Original  Imperial  Valley  Input  Motions  -  Y-Axis  -  No  Filtering  -  Scaled  to  Shaketable  Displacement  Limits 
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Figure  2.29  Elastic  Response  Spectra  -  Unfiltered  Imperial  Valley  Ground  Motions 
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Figure  2.30  Elastic  Response  Spectra  -  Filtered  Imperial  Valley  Ground  Motion 
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Figure  2.32  Perspective  View  of  Test  Configuration  Model  2 
4  -  4”  Extra-Strong  Columns 


Figure  2.33  Perspective  View  of  Test  Configuration  Model  3 
4  -  4”  Extra-Strong  Columns 


Figure  2.34  Perspective  View  of  Test  Configuration  Model  4 
4  -  4”  Extra-Strong  Columns 
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Figure  2.35  Perspective  View  ofTest  Configuration  Model  5 
[A]  2  -  5”  Standard  Columns  and  [B]  2  -  4”  Double  Extra-Strong  Columns 
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Figure  2.36  Perspective  View  of  Test  Configuration  Model  6 
4  -  4”  Extra-Strong  Columns 


Figure  2.37  Perspective  View  of  Test  Configuration  Model  7 
[A]  2  -  5”  Standard  Columns  and  [B]  2  -  4”  Double  Extra-Strong  Columns 
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Figure  2.38  Perspective  View  of  Test  Configuration  Model  8 
4  -  4”  Extra-Strong  Columns 


CHAPTERS 

EXPERIMENTAL  AND  ANALYTICAL  RESPONSE  OVERVIEW 


This  chapter  provides  descriptions  of  the  experimental  test  program  and  the  finite  element 
modeling  procedures.  This  chapter  first  summarizes  response  data  of  the  test  structure  during  the 
earthquake  simulations  and  the  dynamic  characterization  tests.  Summaries  of  test  model 
accelerations,  displacements,  torsional  moments,  overturning  moments,  column  end  moments, 
and  base  shears  are  provided.  A  summary  of  the  test  configurations  used  in  this  study  is  provided 
in  Table  3.1 .  The  general  methodologies  used  in  the  computation  and  analysis  of  the  response 
quantities  mentioned  above  that  are  common  to  all  of  the  test  configurations  are  discussed  in  this 
chapter.  Specific  test  data,  observations,  and  finite  element  analyses  for  each  of  the  earthquake 
simulations  performed  for  each  test  configxiration  are  presented  in  subsequent  chapters. 


3.1  Acceleration 

The  acceleration  motion  of  the  diaphragm  was  recorded  using  7  accelerometers  in  both  the  X 
(north-south)  and  Y  (east-west)  directions,  for  a  total  of  14  accelerometers  as  shown  in  Figure 
3.1 .  Diaphragm  acceleration  test  data  are  reported  with  the  sign  convention  of  positive  X-Axis 
acceleration  directed  south  and  positive  Y-Axis  acceleration  directed  east. 

Angular  accelerations  were  computed  by  first  subtracting  the  acceleration  on  one  diaphragm  edge 
from  the  acceleration  on  the  opposite  edge,  and  next  dividing  by  the  distance  between  them. 

Only  two  accelerometers  were  needed  to  compute  a  value  for  the  angular  acceleration.  However, 
the  angular  acceleration  for  the  diaphragm  was  computed  using  multiple  pairs  of  accelerometers, 
in  anticipation  of  the  possibility  of  a  bad  data  channel.  An  average  value  was  then  computed 
using  all  of  the  angular  acceleration  records  that  seemed  reasonable.  Angular  acceleration  data 
are  reported  with  the  sign  convention  of  positive  z-axis  directed  up,  away  from  the  shaketable. 

By  the  right-hand  rule  convention,  this  corresponds  to  a  counter-clockwise  angular  acceleration  if 
viewing  the  diaphragm  from  above. 
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The  acceleration  motion  of  the  shaketable  was  recorded  using  2  accelerometers  in  both  the  X 
(north-south)  and  Y  (east-west)  directions,  and  4  accelerometers  in  the  Z  direction  (up),  for  a  total 
of  8  accelerometers  mounted  on  the  table  surface.  In  addition,  the  shaketable  itself  has  3  internal 
accelerometers,  recording  motion  in  the  X,  Y,  and  Z  directions.  Shaketable  acceleration  test  data 
are  reported  with  the  sign  convention  of  positive  X-Axis  acceleration  directed  south,  and  positive 
Y-Axis  acceleration  directed  east. 

The  rigidity  of  the  diaphragm  allows  the  planar  motion  of  the  diaphragm  to  be  described  by  three 
degrees-of-freedom.  The  three  acceleration  components  needed  to  describe  the  diaphragm 
motion  are  therefore  the  X-Axis  and  Y-Axis  acceleration  response  histories,  and  the  angular 
acceleration  response  history  about  the  Z-Axis.  Table  3.2  lists  the  maximum  recorded  diaphragm 
accelerations  and  their  corresponding  PGA  for  each  of  the  earthquake  simulations  discussed  in 
subsequent  chapters.  The  omission  of  any  earthquake  simulations,  which  were  performed  but  are 
not  listed  in  Tables  3.2  -  3.4,  will  be  discussed  in  the  appropriate  chapter. 


3.2  Displacement 

The  displacement  motion  of  the  diaphragm  was  recorded  using  3  displacement  gages  in  both  the 
X  (north-south)  and  Y  (east-west)  directions,  for  a  total  of  6  displacement  gages,  measured  with 
respect  to  a  fixed  reference  point,  as  shown  in  Figure  3.2.  Diaphragm  relative  displacements 
were  computed  by  subtracting  the  measured  diaphragm  displacement  from  the  measured 
shaketable  displacement.  Both  measurements  are  made  with  respect  to  a  fixed  reference  point. 
Diaphragm  displacement  test  data  are  reported  with  the  sign  convention  of  positive  X-Axis 
displacement  directed  south,  and  positive  Y-Axis  displacement  directed  east. 

Diaphragm  rotations  were  computed  by  first  subtracting  the  displacement  on  one  diaphragm  edge 
from  the  displacement  on  the  opposite  edge,  and  then  dividing  by  the  distance  between  them. 

Only  two  displacement  gages  were  needed  to  compute  a  value  for  the  rotation.  However,  the 
diaphragm  rotation  was  computed  using  a  pair  of  displacement  gages  in  the  X  direction  and  a  pair 
of  gages  in  the  Y  direction,  in  anticipation  of  the  possibility  of  a  bad  data  channel.  An  average 
value  was  then  computed  using  both  records  if  both  seemed  reasonable.  If  only  one  appeared 
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reasonable,  then  it  was  chosen  as  the  representative  rotation  record.  Rotation  data  are  reported 
with  the  sign  convention  of  positive  Z-Axis  directed  up,  away  from  the  shaketable. 

The  displacement  motion  of  the  shaketable  was  recorded  using  three  displacement  gages  in  both 
the  X  (north-south)  and  Y  (east-west)  directions,  for  a  total  of  six  displacement  gages  connected 
to  the  table  surface,  measured  with  respect  to  a  fixed  reference  point.  In  addition,  the  shaketable 
itself  has  three  internal  displacement  gages,  recording  motion  in  the  X,  Y,  and  Z  directions. 
Shaketable  displacement  test  data  are  reported  with  the  sign  convention  of  positive  X-Axis 
displacement  directed  south,  and  positive  Y-Axis  displacement  directed  east.  The  three 
displacement  components  needed  to  describe  the  diaphragm  motion  are  the  X-Axis  and  Y-Axis 
relative  displacements  of  the  geometric  diaphragm  center,  and  the  rotation  about  the  Z-Axis. 
Table  3.3  lists  the  maximum  recorded  diaphragm  displacements  and  their  corresponding  PGA  for 
each  of  the  earthquake  simulations  discussed  in  subsequent  chapters. 


3.3  Shaketable  Motion  Control  Issues 


The  issue  of  the  motion  control  of  the  shaketable,  which  potentially  can  impact  the  response  of 
the  structure  during  the  earthquake  simulations,  is  discussed  here.  As  this  experimental  study  was 
the  first  to  make  use  of  the  shaketable  following  the  upgrade,  which  added  the  capability  of  . 
motion  in  the  east-west  lateral  direction,  the  control  of  the  table  motion  was  now  more  complex 
and  not  thoroughly  tested.  In  each  of  the  test  configurations,  both  uniaxial  and  biaxial  tests  were 
performed.  It  was  during  the  uniaxial  tests  that  a  motion  control  problem  initially  became 
apparent.  In  examining  recorded  data  of  the  shaketable  motion,  it  was  discovered  that  in  each 
uniaxial  simulation  the  motion  of  the  shaketable  in  the  perpendicular  direction  was  nonzero. 
Figures  3.3  -  3.7  show  recorded  shaketable  accelerations  for  five  simulations:  EQ  2  [25%  Y- 
Axis,  Symmetric  Mass],  EQ  3  [25%  Biaxial,  Symmetric  Mass],  EQ  7  [100%  Y-Axis,  Symmetric 
Mass],  EQ  15  [100%  Biaxial,  Symmetric  Mass],  and  EQ  23  [100%  Biaxial,  Va  Asymmetric 
Mass].  In  these  figures.  Yaw  represents  rotational  shaketable  motion  about  the  Z-Axis,  Pitch 
represents  rotational  shaketable  motion  about  the  X-Axis  and  Roll  represents  rotational 
shaketable  motion  about  the  Y-Axis.  As  seen  in  the  figures,  although  the  recorded  off-axis 
motions  were  not  large,  it  was  still  important  to  ascertain  what  effects,  if  any,  these  motions 
would  have  on  the  response  of  the  structure  and  also  to  discover  the  cause  of  these  motions. 
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Shown  below  is  peak  shaketable  acceleration  and  angular  acceleration  values  for  the 
aforementioned  five  simulations. 


Earthquake 
Test  No. 

Table  Acceleration  |g] 

Table  Angular  Acceleration  [10'^  g/in] 

X-Axis 

Y-Axis 

Yaw 

Pitch 

Roll 

2 

0.006 

0.162 

0.29 

0.11 

0.02 

3 

0.232 

0.160 

0.45 

0.12 

0.17 

7 

0.014 

0.678 

0.64 

0.27 

0.07 

15 

1.080 

0.699 

0.76 

0.25 

0.38 

23 

1.299 

0.797 

1.65 

0.26 

0.38 

The  initial  investigation  revealed  that  when  the  uniaxial  tests  were  performed,  the  table  control 
software  and  hydraulics  in  the  direction  perpendicular  to  the  motion  were  not  turned  on.  This 
allowed  the  shaketable  to  resonate  with  the  response  of  the  test  structure  during  the  simulations, 
as  seen  in  Figure  3.8,  and  the  lack  of  motion  control  in  the  perpendicular  direction  was  allowing 
the  table  to  move  in  the  perpendicular  direction.  This  behavior  can  be  seen  in  Figures  3.3  and 
3.5.  It  was  believed  that  during  the  biaxial  tests,  in  which  both  the  X-Axis  and  Y-Axis  actuators 
were  being  driven,  that  no  table  control  problem  would  be  present.  However,  as  seen  in  Figures 
3.4,  3.6  and  3.7,  there  are  Yaw,  Pitch,  and  Roll  accelerations  present  during  biaxial  simulations. 

Subsequent  to  the  completion  of  the  tests  described  in  this  report,  CERL  retained  engineers  from 
MTS  Corporation  to  perfonn  a  system  trouble-shooting  visit.  During  this  visit,  several  problems 
that  were  associated  with  errors  made  during  the  triaxial  upgrade  project  were  found.  These 
problems  led  to  several  actuator  interaction  control  conflicts  that  created  undesired  motions  of  the 
shaketable  during  use,  particularly  with  respect  to  Yaw  rotations.  Specifically,  one  of  the  X-Axis 
actuators  was  being  fed  a  signal  1 80  degrees  out  of  phase  with  the  actual  input  signal.  Thus,  even 
during  biaxial  simulations,  a  shaketable  control  problem  was  present.  MTS  engineers  corrected 
these  problems  during  the  visit. 

Subsequent  to  the  correction  of  the  table  Yaw  problems,  CERL  and  MTS  engineers  determined 
that  some  rocking  (Roll  and  Pitch  rotations)  of  the  shaketable  is  likely  to  occur  when  heavy 
specimens  are  tested  on  the  shaketable,  particularly  when  the  specimens  have  high  centers  of 
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gravity  with  respect  to  the  shaketable  platform.  Such  rocking  motion  is  associated  with  the 
overturning  moments  that  result  from  the  motions  of  such  specimens  and  the  inherent  stifftiess  of 
the  oil  columns  that  are  associated  with  the  system  actuators.  These  rocking  motions  are  evident 
in  both  uniaxial  and  biaxial  simulations,  as  seen  in  Figures  3.3  -  3.7.  For  the  specimens  reported 
on  here,  it  was  not  felt  that  the  rocking  phenomenon  would  have  been  consequential.  In  addition, 
finite  element  analyses  were  performed  which  incorporated  the  Yaw  rotational  motion  of  the 
shaketable  as  input  ground  motion  in  addition  to  the  X-Axis  and  Y-Axis  translational  motion.  It 
was  found  that  the  Yaw  motion  of  the  shaketable  resulted  in  no  discemable  effect  on  the 
translational  or  rotational  response  of  the  structure. 

For  both  the  uniaxial  and  biaxial  simulations,  the  interaction  between  the  structure  and  the  table 
demonstrated  a  noticeable  effect  on  the  motion  of  the  shaketable  in  the  X  and  Y  directions  even 
when  the  table  was  being  actively  driven  in  those  directions.  When  simulations  were  performed 
with  each  test  configuration,  a  reference  set  of  groimd  motions  were  input  into  the  table  control 
system.  For  the  first  four  test  configurations,  the  exact  same  reference  ground  motions  were  used. 
However,  the  actual  recorded  table  motion  was  slightly  different  for  each  configuration.  Figure 
3.9  shows  the  100%  Imperial  Valley  simulation  table  acceleration  time  histories  for  the 
symmetric  mass  configuration,  ‘A  asymmetric  mass  configuration,  and  14  asymmetric  mass 
configuration.  As  shown,  the  wave  shapes  of  the  table  motions  match  well,  but  differ  slightly  at 
the  larger  peaks.  For  the  symmetric  mass  configuration,  the  peak  table  accelerations  are  1.080g 
in  the  X  direction  and  0.699g  in  the  Y  direction.  For  the  'A  asymmetric  mass  configuration,  the 
peak  table  accelerations  are  1.1 15g  in  the  X  direction  and  0.71  Ig  in  the  Y  direction.  For  the  14 
asymmetric  mass  configuration,  the  peak  table  accelerations  are  1 .299g  in  the  X  direction  and 
0.797g  in  the  Y  direction.  Thus,  it  is  apparent  that  as  the  degree  of  asymmetry  increases,  and  thus 
the  degree  of  torsional  response  increases,  the  interaction  between  the  structure  and  the  table 
increases. 

Although  the  table  motions  are  in  fact  slightly  different  for  simulations  which  are  intended  to  be 
the  same,  it  is  the  recorded  table  motions  that  are  taken  in  this  analysis  as  “ground  motions”,  not 
the  set  of  motions  input  into  the  table  control  system.  Another  point  of  note  is  that  the  moniker 
“100%  Imperial  Valley”  does  refer  to  the  set  of  motions  input  into  the  table  control  system. 

Thus,  as  seen  in  Figure  3.9,  the  ground  motions  for  a  100%  Imperial  Valley  simulation  with  a 
symmetric  mass  configuration  are  not  identical  to  the  ground  motions  for  a  simulation  with  a  !4 
asymmetric  mass  configuration,  but  are  still  a  very  good  indicator  of  the  relative  magnitude  of  the 
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ground  motions.  Due  to  the  effects  of  the  interaction  between  the  shaketable  and  the  test 
structure,  it  will  be  important  to  consider  characteristics  of  the  ground  motions,  such  as  the  Peak 
Ground  Acceleration  (PGA)  and  the  Pseudo-Spectral  Acceleration  (PSA),  when  comparing 
response  characteristics  of  the  structure  during  different  simulations.  This  will  be  true  even  when 
comparing  two  simulations  in  the  same  test  configuration,  such  as  when  comparing  10%  X-Axis 
and  10%  Biaxial  simulations  to  check  the  linearity  of  the  response. 


3.4  Base  Shear  and  Torsional  Moment 


As  discussed  previously,  three  degrees-of-freedom  are  sufficient  to  describe  the  planar  motion  of 
the  diaphragm.  The  inertial  forces  of  interest  with  respect  to  the  structure  will  therefore  be  those 
corresponding  to  the  three  degrees-of-freedom  of  the  diaphragm,  the  inertial  force  in  the  X 
direction,  in  the  Y  direction,  and  the  inertial  moment  about  the  Z-Axis.  These  quantities  are  also 
referred  to  as  the  base  shear  in  the  X  and  Y  directions  and  the  base  torsional  moment.  These 
quantities  will  be  derived  in  this  section  as  functions  of  recorded  diaphragm  acceleration  data. 

Because  the  motion  of  the  diaphragm  is  referenced  with  respect  to  the  geometric  center  of  the 
diaphragm,  and  the  center  of  mass  is  not  coincident  with  this  point,  the  inertial  forces  in  the  X  and 
Y  directions  and  the  inertial  moment  are  coupled.  Thus,  the  inertial  forces  cannot  be  calculated 
as  simply  the  product  of  the  diaphragm  acceleration,  in  the  respective  direction,  and  the 
diaphragm  mass.  Nor  can  the  inertial  moment  be  calculated  as  simply  the  product  of  the 
diaphragm  angular  acceleration  and  the  rotational  mass  moment  of  inertia  of  the  diaphragm. 

For  this  system  the  diaphragm  positive  degrees  of  freedom  are  shown  below.  The  global  degrees 
of  freedom  are  located  at  the  geometric  center  of  the  diaphragm.  In  all  but  two  of  the  test 
configurations,  the  center  of  stifi&iess  is  also  located  at  the  geometric  center  of  the  diaphragm. 
However,  in  the  two  configurations  with  concentric  lateral  bracing ,  there  does  exist  a  stiffness 
eccentricity  along  with  a  mass  eccentricity.  Thus,  the  equations  of  motion  are  derived  here  for 
the  most  general  configuration  in  this  study.  In  the  following  derivation,  the  stiffness  of  a  lateral 
frame  is  taken  as  k  and  the  span  of  a  frame  is  taken  as  a.  Because  each  of  the  frames  can 
potentially  possess  a  different  stiffness,  the  frame  stiffiiesses  will  be  designated  as  kf^,  ks,  ks,  and 
kw,  respectively  representing  the  stiffness  of  the  North  frame,  the  South  frame,  the  East  frame, 
and  the  West  frame. 
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a 


As  seen  in  the  following  illustrations,  the  model  is  subjected  to  a  unit  displacement  in  each  degree 
of  freedom,  with  the  bending  stiffness  of  the  diaphragm  much  greater  than  the  bending  stiffness 
of  each  column. 
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kw+kE  0 

Thus,  the  stiffness  matrix  is  K  =  0 

2 

^(k^-ks)  ^(ks-kf^)  —(kty+k^+ks+kf,) 

As  seen  below,  the  model  is  next  subjected  to  a  unit  acceleration  in  each  degree  of  freedom.  Note 
that  the  inertia  forces  that  result  from  the  unit  acceleration  act  at  the  center  of  mass,  while  the  unit 
accelerations  act  at  the  geometric  center  of  the  model. 
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Uy=  1: 


Myy  “  ^ 
Mxy  ”  ^ 
M0y  =  /w^ 


Mev^^ 

(8) 

^  ^Myy 
Mxy 

=  1: 

Mee^ 

<8i 

Mye 

'Mx9 

Mee  =  Iq  +my^  +mx^  =Iq 

Uxe^-my 

My0  =  wx 

where: 

Iq  =  the  moment  of  inertia  with  respect  to  the 
mass  center 

Iq  =  the  moment  of  inertia  with  respect  to  the 
geometric  center 


The  resulting  mass  matrix  is  M  = 


m 

0 


0  -my 
m  nix 


—  my  mx 


[3.2] 
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Thus,  the  governing  equations  of  motion  are: 


m  0 

0  m 

-my  nvc 


-my 

nu 

Uy 

0  ks-\-k^ 

* 

tly 

4  . 

2 

mu^(t) 

miigyit) 


[3.3] 


Which  lead  to  the  following  equations  for  the  inertial  forces  and  moment: 


II 

1 

1 

[3.4] 

Fy  =  —m{uy+xd ) 

[3.5] 

M=  -  {nixiiy-myu^  +.^o^ ) 

[3.6] 

Because  the  model  structure  used  in  this  study  is  one  story  only,  the  base  shear  of  the  system  in 
each  direction  is  equal  to  the  respective  inertial  force  of  the  diaphragm  in  each  direction.  Also, 
the  inertial  moment  will  be  described  here  as  the  torsional  moment.  Table  3.4  lists  the  maximum 
base  shears  and  torsional  moments  and  their  corresponding  PGA  for  each  of  the  earthquake 
simulations  discussed  in  the  subsequent  chapters. 


3.5  Overturning  Moment 

Overturning  moments  for  the  structure  in  both  the  X  and  Y  directions  were  calculated  as  the 
product  of  the  inertial  forces  in  each  direction  and  the  distance  from  the  table  to  the  vertical 
center  of  mass  of  the  diaphragm  assembly,  as  shown  below.  The  vertical  location  of  the 
diaphragm  assembly  center  of  mass  for  each  test  configuration  is  shown  in  Table  3.5.  What  is 
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here  termed  the  overturning  moment  in  the  X  direction  is  the  product  of  the  base  shear,  or  inertial 
force,  along  the  X-Axis  and  the  height  of  the  diaphragm  mass  center.  If  the  base  shear  is  positive, 
then  the  overturning  moment  is  taken  as  positive  as  well.  In  actuality,  what  is  referred  to  as  an 
overturning  moment  in  the  X  direction  is  a  moment  about  the  Y-Axis,  and  vice  versa  for  an 
overturning  moment  in  the  Y  direction. 


3.6  Column  End  Bending  Moment  and  Shear 

The  base  shear  in  either  the  X  direction  or  Y  direction  that  was  discussed  above  is  produced  by 
the  inertial  forces,  or  equivalent  static  forces,  in  the  diaphragm.  The  inertial  forces  are 
transmitted  through  the  columns  to  the  base,  and  thus  the  sum  of  the  shear  forces  at  the  base  of 
each  column  must  be  equal  to  the  total  base  shear  force.  The  inertial  forces  and  moment  acting 
on  the  diaphragm  not  only  produce  shear  forces  in  the  columns,  but  bending  moments  as  well. 
Both  the  column  shear  forces  and  bending  moments  will  be  dependent  on  the  inertial  forces  in 
both  the  X  and  Y  directions,  and  the  inertial  moment.  Because  forces  are  applied  to  the  columns 
only  at  the  top  and  bottom,  the  shear  distribution  will  be  constant,  and  the  bending  moment 
distribution  will  be  linear  along  the  height  of  each  column.  Thus,  knowing  the  shear  and 
moments  at  the  column  ends  is  sufficient  to  describe  the  internal  force  distribution  in  each  of  the 
columns.  The  column  end  bending  moments  and  shears  were  computed  using  the  inertial  forces 
in  the  X  and  Y  directions,  and  the  inertial  moment,  as  described  below.  An  inertial  force  in  the  X 
direction,  or  a  diaphragm  translation  in  the  X  direction  will  produce  a  column  end  bending 
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moment  about  the  Y-Axis  and  a  column  end  shear  in  the  X  direction.  Further,  a  positive  column 
end  shear  is  taken  as  that  shear  produced  by  a  diaphragm  translation  in  the  positive  X  direction,  or 
south.  A  positive  column  end  bending  moment  is  taken  as  a  bending  moment  about  the  positive 
Y-Axis.  This  convention  can  also  be  extended  to  the  column  end  moments  and  shears  produced 
by  inertial  forces  in  the  Y  direction  and  about  the  Z-Axis. 

For  the  derivation  of  the  column  moments  and  shears.  My  =  the  moment  about  the  i-Axis  due  to 
Fj,  and  Vy  =  the  shear  in  the  i  direction  due  to  Fj,  where  Fj  is  the  inertial  force  in  the  j  direction. 
Also,  the  bending  stiffness  of  the  beam  (or  diaphragm)  is  assumed  to  be  infinitely  large  compared 
with  the  bending  stiffness  of  the  columns.  Also  note  that  although  the  height  to  the  center-of- 
mass  of  the  diaphragm  in  the  test  structure  and  finite  element  model  is  always  greater  than  60 
inches,  in  computing  the  column  moments  h  =  60  inches,  which  is  the  height  of  each  column. 

The  following  derivation  is  based  on  the  structure  having  no  stiffness  eccentricity.  Thus,  the 
equations  that  result  are  valid  for  Test  Configurations  1-5  and  8.  Deriving  the  equations  for  the 
column  end  moments  and  shears  for  Test  Configurations  6  and  7,  which  have  a  stiffness 
eccentricity  due  to  the  concentric  lateral  bracing,  is  discussed  at  the  end  of  this  derivation. 

First,  the  model,  with  side  length  =  a,  is  given  an  inertial  force  in  the  positive  X  direction: 


NW  ^  NE 


‘AFx 


Myx 


Myx 


Myx 


Myx 
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Thus,  for  each  column: 

Kxr=l/4Fx  [3.8] 

Vrr  =  0  [3.9] 

Mrx=  1/2  =  -1/8  Fx*fi  [3.10] 

Mxx~^  [3.11] 


Next  the  model  is  given  an  inertial  force  in  the  positive  Y  direction; 


NW  «  NE 


•/2Fy 


!r\ 


Mj 


'XY 


Vyr 


M, 


IXY 


Vrr 


M, 


IXY 


Thus,  for  all  four  columns: 

Fry=l/4FY  [3.12] 

VxY-0  [3.13] 

Mxy  =  1/2  Vn*h  =  1/8  Fy*h  [3.14] 

A/yy— 0  [3.15] 


Next  the  model,  with  side  length  =  a,  is  given  an  inertial  moment  in  the  positive  Z  direction: 


NW 


NE 


Fz/2a 


SE 


Thus,  from  the  diagram  at  left,  a  positive  moment 
in  the  Z  direction  produces  positive  column  end 
shears  in  the  X  direction  and  negative  column  end 
moments  about  the  Y-Axis  for  the  NW  and  SW 
columns.  At  the  same  time,  a  positive  moment  in 
the  Z  direction  produces  negative  column  end 
shears  in  the  X  direction  and  positive  column  end 
moments  about  the  Y-Axis  for  the  NE  and  SE 
columns.  This  is  similarly  true  in  the  Y  direction. 
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Southeast  [SE]  Column: 
rAz=-l/4Fz/a  [3.16] 

Afe=l/8FzA/fl  [3.18] 

Southwest  [SW]  Column; 
rAz=l/4Fz/a  [3.20] 

Mxz=mVzhla  [3.22] 

Northwest  [NW]  Column; 
K^=l/4Fz/o  [3.24] 

MAY  =  -l/8Fzh/a  [3.26] 

Northeast  [NE]  Column: 
FAz=-l/4Fz/a  [3.28] 

MAz=-l/8Fz/»/a  [3.30] 


F’re=l/4Fz/a  [3.17] 

Myz==mVzhla  [3.19] 


FK=l/4Fz/a  [3.21] 

M)z=-l/8Fz/!/a  [3.23] 


Fiz  =  -l/4Fz/a  [3.25] 

M,z=-l/8Fz/?/a  [3.27] 


Vrz=-\IAVzla  [3.29] 

l/8Fz/2/a  [3.31] 


Thus,  column  end  bending  moments  and  shears  for  each  column  in  the  most  general  loading  case 


are: 

Southeast  [SE]  Column: 

Fa-=  l/4Fx-l/4Fz/a  [3.32] 

Mx  =  1/8  Fy/j  +  1/8  Fz hta  [3.34] 

Southwest  [SW]  Column: 

Fr=l/4Fx  +  l/4Fz/a  [3.36] 

Mx=  1/8  Fyh  +  1/8  Fzh/a  [3.38] 

Northwest  [NW]  Column: 

Vx=  1/4  Fx  +  1/4  Fz/a  [3.40] 

Mx=  1/8  Fxh  -  1/8  Fzh/a  [3.42] 

Northeast  [NE]  Column: 

Vx=  1/4  Fx  -  1/4  Fz/o  [3.44] 

Mx=l/8FY/?-l/8FzA/fl  [3.46] 


Fz=  1/4Fy+ l/4Fz/a  [3.33] 

Mr=  -1/8  Fxh  +  1/8  Fzh/a  [3.35] 


Fr=l/4FY+l/4Fz/«  [3.37] 

My  =  -1/8  Fxh  - 1/8  Fz  h/a  [3.39] 


Fr=l/4FY-l/4Fz/a  [3.41] 

Mr= -1/8  Fx/?- 1/8  FzA/a  [3.43] 


Fr=  1/4  Fy  - 1/4  Fz/a  [3.45] 

My=  -1/8  Fxh  +  1/8  Fzh/a  [3.47] 
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As  mentioned  previously,  these  equations  for  column  end  moments  and  shears  are  valid  for 
configurations  with  no  stiffness  eccentricity.  In  Test  Configurations  6  and  7,  the  structure  does 
possess  a  stiffness  eccentricity  in  the  Y  direction,  resulting  in  an  additional  torsional  moment 
equal  to  FY*eY.  Thus,  the  total  torsional  moment  which  must  be  distributed  to  the  lateral  frames 
is  Mtotal  =  Fz  “  FY*eY.  In  addition,  because  the  stiffnesses  of  the  North  frame  and  South  frame 
are  different  from  the  East  and  West  frames,  Mtotal  must  be  distributed  to  each  frame  according 
to  their  relative  stiffiiesses.  Further,  it  must  be  determined  in  the  North  frame  and  South  frame 
what  proportion  of  the  frame  base  shear  is  resisted  by  the  diagonal  bracing  and  what  proportion 
by  the  columns,  according  to  their  relative  stiffnesses.  Once  the  lateral  forces  are  determined  for 
each  frame,  and  the  proportion  resisted  by  the  diagonal  bracing  is  determined,  the  computation  of 
the  column  end  moments  and  shears  follows  from  the  previous  derivation. 


3.7  Dynamic  Characterizations  of  the  Model 

Prior  to  performing  any  shaketable  simulations  using  the  earthquake  input  motions,  a  series  of 
tests  was  performed  to  characterize  the  model  structure,  including  the  determination  of  the  modal 
frequencies  and  damping  characteristics  of  the  structure.  First,  the  structure  was  subjected  to 
white  noise  base  motions  over  a  frequency  range  of  1  to  50  Hertz.  Transfer  fimctions  of  the 
acceleration  response  of  the  structure  were  used  to  determine  the  modal  frequencies.  A  transfer 
function  is  a  frequency  domain  function,  which  presents  the  ratio  of  the  structural  response  to  the 
input  motion  at  each  frequency.  Typical  transfer  functions  produced  from  the  white  noise  tests 
are  shown  in  Figures  3.10  -  3.12,  for  a  symmetric  mass  configuration,  a  Vi  asymmetric  mass 
configuration,  and  a  Va  asymmetric  mass  configuration,  respectively.  Each  of  the  transfer 
functions  shown  has  been  normalized  to  a  maximum  value  of  one. 

Second,  the  structure  was  excited  sinusoidally  at  each  modal  frequency  determined  from  the 
white  noise  tests.  The  input  motion  was  then  discontinued,  and  the  motion  of  the  structure  was 
allowed  to  decay  to  rest.  Analysis  of  this  response  using  the  so-called  logarithmic  decrement  of 
damping  was  performed  to  determine  the  equivalent  viscous  damping  ratio.  Typical  sine  decay 
time  histories  are  shown  in  Figures  3.13  -  3.15,  for  a  symmetric  mass  configuration,  a 
asymmetric  mass  configuration,  and  a  !4  asymmetric  mass  configuration,  respectively.  The 
beating  that  can  be  seen  in  a  number  of  the  sine  decay  time  histories  is  typical  of  real  systems 
with  closely  spaced  modes,  indicating  that  there  is  not  a  completely  pure  response  at  a  single 
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frequency.  In  order  to  isolate  the  response  due  to  the  fundamental  frequency  before  performing 
the  logarithmic  decrement  of  damping,  a  band-pass  filter  was  applied  around  the  appropriate 
modal  frequency. 

Third,  the  structure  was  subjected  to  sinusoidal  motions  ranging  in  frequency  from  1  to  20  Hertz. 
The  response  of  the  structure  to  the  sine  sweep  tests  was  used  to  confirm  the  natural  frequencies 
of  the  structure.  Typical  sine  sweep  response  functions  are  shown  in  Figures  3.16  -  3.18,  for  a 
symmetric  mass  configuration,  a  Vi  asymmetric  mass  configuration,  and  a  Vi  asymmetric  mass 
configuration,  respectively.  Each  of  the  aforementioned  tests  was  performed  once  in  each  planar 
axis,  and  once  in  the  yaw-axis,  for  a  minimum  total  of  nine  preliminary  tests  for  each  model 
configuration.  In  addition,  white  noise  tests  were  often  performed  immediately  after  any 
earthquake  simulation  exhibiting  inelastic  behavior.  The  purpose  of  these  additional 
characterization  tests  was  to  monitor  any  changes  in  the  dynamic  properties  of  the  model  as  a 
result  of  the  inelastic  behavior.  Both  the  modal  frequencies  and  damping  ratios  for  each  of  the 
test  configurations  are  shown  in  Table  3.5.  As  can  be  seen  in  Table  3.5,  even  when  the  structure  is 
ostensibly  symmetric,  the  measured  dynamic  properties  in  the  X  and  Y  directions  may  be 
noticeably  different.  In  addition  to  the  possibility  of  the  aforementioned  table  control  problems 
being  a  factor  in  these  differences,  inexactitudes  of  the  experimental  structure  are  possible 
contributors,  such  as  orientation  of  the  structure  on  the  shaketable  and  the  mass  and  stiffness 
symmetry. 


3.8  Column  Strains 


For  each  pipe  column,  as  shown  in  Figure  A.9,  four  gages  were  equally  spaced  about  the 
perimeter  at  each  end,  for  a  total  of  eight  gages.  In  placing  the  four  gages  around  the  pipe 
perimeter,  two  were  lined  up  along  the  north-south  axis,  and  two  along  the  east-west  axis,  in 
order  to  meastue  each  of  the  two  bending  moment  components  in  the  pipe  at  the  location  of  the 
strain  gages.  Computing  the  column  end  bending  moments  based  on  strain  data  provides  an 
independent  check  of  the  column  end  shear  and  moment  values  foimd  using  the  equivalent  force 
method.  Strain  gage  data  were  also  used  to  determine  the  degree  of  inelastic  behavior  in  the 
columns,  which  was  useful  in  developing  the  material  models  used  in  the  finite  element  analyses. 


74 


The  list  of  strain  gages,  including  their  designation  and  location,  can  be  found  in  Table  A.I.  The 
designation  for  each  strain  gage  consisted  of  a  sequence  of  four  letters  and  numbers.  For 
example,  one  such  designation  was  SIBE.  The  first  letter,  S,  in  the  gage  name  designated  strain. 
The  number,  1,  designated  the  column  number,  where  1  designates  the  southeast  column,  2 
designates  the  southwest  column,  3  designates  the  northwest  column,  and  4  designates  the 
northeast  column.  The  third  character,  B,  designates  whether  the  strain  gage  was  located  at  the 
top  or  the  bottom  of  the  column.  The  top  of  the  column  is  designated  by  T,  while  the  bottom  is 
designated  by  B.  The  fourth  character,  E,  designates  on  which  side  of  the  column  the  strain  gage 
was  located.  The  E  designated  the  gage  was  on  the  east  side  of  the  column,  while  W  designated 
the  west  side,  N  designated  the  north  side,  and  S  designated  the  south  side. 

In  order  to  facilitate  the  computation  of  the  bending  moments  from  the  strain  measurements, 
strain  gages  should  be  placed  at  locations  that  do  not  experience  plastic  strain.  The  closer  the 
gages  are  to  the  ends  of  the  pipe,  the  larger  the  measured  strains  will  be.  Because  the  shear  is 
constant  throughout  the  column,  knowing  the  elastic  moments  at  two  locations  allows  for  the 
projection  of  the  column-end  moments.  If  the  columns  do  not  remain  elastic  at  the  strain  gage 
locations,  the  yield  stress  is  dependent  on  the  load  history  of  the  material  and  is  difficult  to  find. 
Yielding  in  the  vicinity  of  the  strain  gages  thus  puts  computing  column  end  moments  out  of 
reach.  In  the  low-level  tests,  the  measured  strains  were  typically  below  yield,  allowing  the 
computation  of  the  column  end  bending  moments.  However,  in  the  simulations  when  the 
structure  experienced  inelastic  deformations,  the  measured  strains  were  often  larger  than  yield. 

The  column  end  moments  were  computed  using  the  column  strains  based  on  the  following 
derivation.  The  southeast  column.  Column  1,  will  be  taken  as  a  typical  column. 
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NW  [3]  _ f _ NE  [4] 


a 


SW  [2]  SE  [1] 


As  discussed  previously,  a  positive  column 
end  bending  moment  is  defined  as  a  moment 
about  a  positive  coordinate  axis. 

Thus,  for  Column  1,  a  positive  bending 
moment  about  the  Y-Axis  would  produce: 
S1TN>  SITS,  and 
S1BS>S1BN 

Also,  a  positive  bending  moment  about  the 
X-Axis  would  produce: 

SITE >S1TW,  and 
S1BW>  SIBE 


Any  strain  distribution  at  a  cross  section  is  composed  of  strains  due  to  bending  moments  and 
strains  due  to  axial  forces.  As  an  example,  at  the  top  of  Column  1  in  the  X  direction: 

Strain  due  to  axial  load  =  Ba  =  VS  [  iS'77’iS'  +  S1TN'\  [3.48] 

Strain  due  to  bending  moment  =  ee  =  VS  [  SI  TN-  S1TS'\  [3 .49] 


For  elastic  behavior: 

Axial  Force  =  P  =  ACTa  =  AEEa  =  */2  AE  [  SITS  +  SITN]  [3.50] 

Bending  Moment  =  BM  =  Sob  =  SEEb  =  VS  SE  [SI TN  —SITS]  [3.51] 

Where  S  =  Section  Modulus,  and 
E  =  Elastic  Modulus 

The  bending  moments  computed  above  using  strain  gage  data  are  the  bending  moments  at  a  cross 
section  some  distance  b  from  the  end  of  the  colunan. 
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Me 


For  a  cross  section  located  a  distance  =  b  away 
from  the  column  end,  on  a  column  of  height  =  h: 


Me  ^ 
Me 

Me  = 


h/2-b 

h/2 

Mch 

h-2b 


and  thus 


[3.52] 

[3.53] 


Thus,  for  Column  1 : 


jyjTOP  =—^SE\[SlTN-SlTS] 

""  h-2b  ' 

bot  =.J!sE\[S1BS-S1BN] 

""  h-2b  ' 

j^TOP  =^L_SET[577E-5irfF] 
h  -“2b 

^bot  -5/5£:] 

h  — 2b 


[3.54] 

[3.55] 

[3.56] 

[3.57] 


The  column  end  moments  at  the  top  and  bottoih  of  each  column  in  each  direction  should  be  equal, 
providing  a  check  on  the  computation.  The  column  end  moments  of  the  other  three  columns  are 
computed  in  an  analogous  manner  using  the  appropriate  columns  strains. 


3.9  Diaphragm  Rigidity 

The  diaphragm  in  the  test  structure  was  designed  to  behave  as  a  rigid  body  and  to  experience  no 
permanent  damage.  If  the  diaphragm  did  in  fact  behave  as  a  rigid  body,  the  planar  motion  of  the 
diaphragm  could  be  completely  described  by  three  degrees-of-freedom.  The  three  motion 
components  needed  to  describe  the  diaphragm  motion  are  translation  along  the  X-Axis  and  Y- 
Axis,  and  rotation  about  the  Z-Axis.  This  would  simplify  the  presentation  of  response  data,  and 
also  allow  the  diaphragm  in  the  finite  element  model  to  be  modeled  as  a  rigid  plate.  Also,  in 
addition  to  the  in-plane  rigidity,  it  is  important  to  look  at  the  stiffness  of  the  diaphragm  in  bending 
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about  the  X-Axis  and  Y-Axis.  If  the  bending  stiffiiess  of  the  diaphragm  is  large  enough 
compared  to  the  bending  stiffness  of  the  columns,  then  the  diaphragm  can  be  modeled  as  rigid  in 
bending  in  the  finite  element  analysis  as  well. 

If  a  body  is  rigid,  then  as  it  rotates,  the  angular  acceleration  is  the  same  everywhere  on  the  body. 
If  the  body  is  not  rigid,  then  the  angular  acceleration  may  depend  on  the  location  on  the  body. 
Thus,  the  rigidity  of  the  diaphragm  can  be  verified  by  investigating  its  angular  acceleration 
properties.  As  discussed  above,  the  angular  acceleration  of  the  diaphragm  was  computed  by  first 
subtracting  the  acceleration  on  one  diaphragm  edge  from  the  acceleration  on  the  opposite  edge, 
and  next  dividing  by  the  distance  between  them.  Figure  3.1  shows  the  number  and  orientation  of 
the  accelerometers  placed  on  the  test  structure  diaphragm.  One  angular  acceleration  computation 
can  be  made  with  records  from  only  two  accelerometers.  Figure  3.19  shows  six  angular 
acceleration  records  each  computed  from  an  independent  set  of  accelerometers  for  the  earthquake 
simulation  EQ  29,  with  150%  Biaxial  Imperial  Valley  Ground  Motions  and  a  '/2  Asymmetric 
Mass  Distribution.  This  test  was  chosen  for  three  reasons:  first,  the  test  used  large-scale  ground 
motions,  which  produced  a  large  angular  acceleration  response;  second,  the  test  featured  a  mass- 
asymmetry  which  would  again  amplify  the  angular  acceleration  response;  third,  the  test  was 
performed  during  Test  Configuration  4,  and  thus  the  test  structure  diaphragm  would  have 
potentially  lost  some  of  its  rigidity  during  the  previous  earthquake  simulations.  With  reference  to 
Figure  3.19,  angular  acceleration  time  histoiy  AAIX  was  computed  with  accelerometers  AS5X 
and  AS7X;  AA2X  was  computed  with  AS4X  and  AS8X;  AA3X  was  computed  with  AS3X  and 
AS  IX;  AAIY  was  computed  with  AS3Y  and  ASSY;  AA2Y  was  computed  with  AS2Y  and 
AS6Y;  and  AA3Y  was  computed  with  ASl  Y  and  AS7Y.  Also  shown  in  Figure  3.19  is  the 
average  angular  acceleration  time  history  computed  by  averaging  the  previous  six  time  histories. 
As  shown  by  the  six  independent  angular  acceleration  time  histories,  it  is  evident  that  the  test 
structure  diaphragm  is  in  fact  behaving  as  a  rigid  body  in  the  plane  of  the  body. 

Also  of  interest  is  the  bending  stiffness  of  the  test  structure  diaphragm.  The  primary  contributors 
to  the  bending  stiffness  are  the  W  12x65  beams  which  are  located  on  the  perimeter  of  the 
diaphragm,  and  possess  an  Ixx  =  533  W.  However,  the  reinforced  concrete  infill  contributes  to 
the  bending  stiffness  as  well.  Thus,  each  of  the  perimeter  W12x65  beams  acts  as  a  composite 
beam.  To  simplify  this  analysis,  the  rebar  in  the  concrete  infill  will  be  ignored.  Figure  3.20 
shows  the  original  composite  section  and  the  transformed  section.  The  width  of  the  contributing 
concrete  section  was  found  to  be  12.0625  inches  from  the  center  of  the  beam  web  using  the  1994 
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AISC  LRFD  Design  Code  Section  I  on  Composite  Beams.  Adding  the  stif&iess  contribution  of 
the  concrete,  which  has  the  properties  of  fc  =  4  ksi  and  Wc  =  145  pcf,  the  composite  beam 
possesses  an  Ixx  =  663.1 1  in'*.  The  impact  of  the  beam  bending  stiffiiess  is  shown  using  the 
following  simple  one-story  planar  frame. 


For  this  frame,  the  lateral  stiffness  K  is  defined  as  follows: 


^  lAEIc  \2p  +  \ 
12/7  +  4 

,  4 

where  p= — — 

44 


[3.58] 

[3.59] 


If  /b  =  0  then  >9=0,  and  K  =  6EIc/h^,  which  is  the  limiting  case  for  column  stiffness  dominating 
beam  stiffness.  If  1b  =  then  p  and  K  =  24EIc/h^  which  is  the  limiting  case  for  the  beam 

being  infinitely  stiff,  or  rigid.  In  the  case  of  the  test  structure  and  the  composite  beam  discussed 
above,  h  -  663.1 1  in"^  and  Ic  -  9.61  in"^,  assuming  the  use  of  4-Inch  Extra-Strong  Columns. 
These  values  produce  ^  p  -  17.25,  which  leads  to  a  AT  =  23.66EIc/h^  or  K-  (0.986)*24EIc/h^. 


Thus,  the  frame  stiffness  for  this  test  structure  is  very  close  to  the  idealization  of  infinite  beam 
stiffness.  The  rigidity  of  the  test  structure  diaphragm  is  therefore  also  very  close  to  the  rigid 
idealization,  and  will  be  approximated  as  rigid  in  bending.  Further  checks  of  this  assumption 
using  the  finite  element  analysis  indicated  no  change  in  model  response  by  using  the  rigid 
idealization. 
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3.10  Finite  Element  Model 


In  modeling  the  behavior  of  the  test  structure,  two  Nonlinear  Finite  Element  Analysis  programs 
were  employed:  Abaqus  and  Drain-3DX.  Two  different  programs  were  used  in  order  to  first 
provide  an  initial  check  on  the  reasonableness  of  the  analysis  computations,  and  second,  to 
compare  and  contrast  the  different  features  and  limitations  of  each  program  and  their  potential 
impact  on  the  analysis  solutions.  Enough  similarities  exist  between  the  two  analysis  programs 
that  they  will  be  discussed  together  in  this  section,  with  any  significant  differences  noted. 

Abaqus  is  a  very  versatile  commercial  analysis  program  developed  and  supported  by  Abaqus, 

Inc.,  formerly  known  as  Hibbitt,  Karlsson  &  Sorenson,  Inc.,  while  Drain-3DX  is  a  simpler 
program  developed  at  the  University  of  California  at  Berkeley. 

During  the  earthquake  simulations  employing  the  larger  scale  input  motions,  the  structural 
response  exhibits  both  geometric  and  material  nonlinearities.  Both  Abaqus  and  Drain-3DX  can 
model  both  of  these  situations.  Both  programs  feature  elements  of  “distributed  plasticity”  type, 
which  allows  the  very  useful  ability  to  designate  the  elastic-plastic  behavior  for  any  element 
through  the  input  of  stress-strain  data.  The  element  then  accounts  for  the  spread  of  inelastic 
behavior  both  over  the  cross  sections  and  along  the  member  length.  Thus,  the  locations  of  plastic 
hinges,  which  are  used  in  a  “lumped  plasticity”  model,  do  not  have  to  be  found  and  added  to  the 
model  before  running  the  analysis. 

The  finite  element  model  employed  with  both  Abaqus  and  Drain-3DX  to  simulate  the  response  of 
the  test  structure  during  the  earthquake  simulations  consists  of  three  primary  parts:  the  columns, 
the  diaphragm,  and  the  masses.  Each  of  these  parts  is  discussed  below  in  more  detail,  and  can  be 
seen  in  Figures  3.21  and  3.22.  Figure  3.21  shows  a  typical  Abaqus  model,  while  Figure  3.22 
shows  a  typical  Drain-3DX  model.  The  primary  difference  between  the  two  basic  models  is  that 
rigid  beam  and  rigid  plate  elements  are  used  to  model  the  diaphragm  in  Abaqus,  while  they  are 
not  used  in  Drain-3DX. 


(A)  Columns 

The  columns  in  the  finite  element  model  are  composed  of  beam  elements  and  extend  from  the 
ground  to  the  center  of  mass  of  the  diaphragm  assembly.  As  the  location  of  the  center  of  mass 
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differs  depending  on  the  configuration  of  the  masses,  the  column  lengths  in  each  finite  element 
model  can  be  different,  as  can  be  seen  in  Table  3.6  for  the  Abaqus  models  and  in  Table  3.7  for  the 
Drain-3DX  models.  The  total  column  length  consists  of  two  parts.  The  first  part,  which  will  be 
called  the  Pipe  Column,  extends  up  from  the  ground  60  inches.  The  second  part,  which  will  be 
called  the  Non-Rigid  Link,  extends  from  the  top  of  the  Pipe  Column  to  the  center  of  mass  of  the 
diaphragm  assembly. 

The  Pipe  Column  part  of  the  finite  element  model  column  models  the  actual  60-inch  columns 
present  in  the  test  structure.  In  the  test  structure,  the  columns  are  the  only  parts  of  the  model 
which  undergo  plastic  deformations,  and  thus  their  behavior  and  response  is  responsible  for  the 
overall  response  and  motion  of  the  model.  Therefore,  in  order  to  most  accurately  simulate  the  test 
structure  response,  only  the  60-inch  Pipe  Column  part  of  the  total  column  will  be  allowed  to 
undergo  plastic  deformations  in  the  finite  element  model.  Each  Pipe  Column  is  modeled  with  a 
pipe,  or  hollow  circular,  cross-section.  The  Pipe  Column  part  consists  of  20  elements,  and  the 
cross-sectional  and  material  properties  of  each  Pipe  Column  in  the  finite  element  model  match  the 
cross-sectional  and  material  properties  of  the  actual  columns  in  the  respective  test  structure 
configurations.  Because  each  Pipe  Column  can  potentially  deform  inelastically,  stress-strain 
material  behavior  past  the  yield  point  is  specified  for  each  column.  The  specific  stress-strain 
behavior  model  used  in  each  test  configuration  is  presented  in  the  respective  chapter. 

The  Non-Rigid  Link  parts  of  the  finite  element  model  columns  connect  the  tops  of  the  Pipe 
Column  part  to  the  diaphragm  assembly.  Because  the  Pipe  Column  part  is  limited  to  60  inches, 
the  presence  of  the  Non-Rigid  Link  allows  the  diaphragm  in  the  finite  element  model  to  be 
located  at  the  same  height  as  the  diaphragm  assembly  center-of-mass  in  each  test  structure.  The 
other  benefit  of  the  Non-Rigid  Links  is  that  the  stiffness  of  the  model  can  be  adjusted  such  that 
the  modal  frequencies  of  the  finite  element  model  match  those  of  the  test  structure.  Both  the 
elastic  modulus  and  the  cross-sectional  properties  of  the  Non-Rigid  Links  are  adjusted  as  seen  in 
Tables  3.6  and  3.7.  This  can  be  achieved  while  keeping  the  finite  element  diaphragm  at  the  test 
structure  diaphragm  assembly  center-of-mass  height,  and  keeping  the  material  properties  of  the 
Pipe  Columns  matched  to  those  of  the  test  structure.  As  an  example  of  the  need  for  the  non-rigid 
links,  if  the  diaphragm  were  located  at  a  height  of  60  inches,  which  is  the  top  of  the  columns,  the 
modal  frequencies  in  the  X  and  Y  directions  for  Test  Configuration  1  would  be  4.09  Hz.  In 
addition,  if  the  columns  were  extended  to  the  height  of  the  center  of  mass  of  the  diaphragm, 
68.798  inches,  the  modal  frequencies  in  the  X  and  Y  directions  for  Test  Configuration  1  would  be 
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3.33  Hz.  The  actual  measured  modal  frequencies  of  the  test  structure  are  3.57  in  the  X  direction 
and  3.45  in  the  Y  direction  for  this  configuration,  as  shown  in  Table  3.5,  and  are  not  equal  to 
either  of  the  theoretical  frequencies  calculated  above.  The  first  example,  in  which  the  diaphragm 
was  located  at  the  tops  of  the  columns,  resulted  in  a  model  that  was  too  stiff  The  second 
example,  in  which  the  columns  were  extended  to  the  center  of  mass  of  the  diaphragm,  resulted  in 
a  model  that  was  too  flexible.  By  giving  the  Non-Rigid  Links  a  larger  stiffness  than  the  columns, 
the  overall  stiffness  of  the  model  could  be  increased  from  the  second  example  to  match  the 
measured  stiffness.  Thus,  the  use  of  the  Non-Rigid  Links,  while  adding  more  complexity  to  the 
finite-element  model,  allows  more  control  in  calibrating  the  modal  frequencies. 

The  Non-Rigid  Link  is  modeled  using  a  rectangular  section,  which  allows  the  stiffness  of  the 
model  in  each  planar  direction  to  be  different.  This  is  again  helpful,  as  the  first  modal 
frequencies  in  each  of  the  two  planar  directions  were  different  in  each  test  configuration.  As  seen 
in  Tables  3.6  and  3.7,  the  length  of  the  Non-Rigid  Link  is  different  in  the  different  test 
configurations,  depending  on  the  mass  distribution.  Also,  the  Non-Rigid  Link  is  restricted  to 
elastic  behavior.  In  the  actual  test  structure,  inelastic  deformation  takes  place  in  the  pipe  columns 
only.  Thus,  it  is  desired  to  restrict  any  inelastic  deformation  in  the  finite-element  model  to  the 
Pipe  Column  part  of  the  finite  element  model.  Following  from  the  restriction  to  elastic  behavior, 
one  element  is  sufficient  to  accurately  model  each  Non-Rigid  Link. 


(1)  Abaqus 

Abaqus  contains  a  pipe  section  in  its  cross-section  library  to  define  the  cross-sectional 
properties  of  beam  elements,  which  was  utilized  here.  The  Abaqus  pipe  section,  along  with  the 
integration  points,  is  shown  in  Figure  3.23.  The  pipe  section  requires  the  input  of  the  outside 
radius  and  wall  thickness  of  the  pipe.  Timoshenko  2-node  linear  beam  elements  were  used  in 
modeling  the  4  columns,  including  both  the  Pipe  Column  and  Non-Rigid  Link  of  each  column. 
The  Timoshenko  element  allows  for  transverse  shear  deformation,  and  is  generally  an  accurate 
model  for  non-slender  beams.  The  columns  used  in  the  test  structure  have  slenderness  ratios 
(length  to  cross-sectional  dimension)  of  between  13.3  and  10.8.  Typically,  Euler-Bemoulli  beam 
elements,  which  neglect  transverse  shear  flexibility,  are  used  to  model  members  with  slenderness 
ratios  larger  than  15.  Thus,  the  Timoshenko  element,  which  in  Abaqus  is  formulated  to  be 
efficient  for  thin  members  as  well  as  thick  members,  is  used.  The  2-node  linear  element  features 
one  integration  point  at  the  midpoint  of  each  element.  Modeling  the  pipe  eolumns  with  shell 
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elements  was  also  a  possibility.  Preliminary  analyses  suggested  that  using  shell  elements 
generally  resulted  in  better  predictions  of  rotational  response,  but  slightly  less  accurate 
predictions  of  displacement  response.  Two  other  factors  influenced  the  choice  of  beam  elements 
to  model  the  columns.  First,  Drain-3DX  does  not  offer  shell  elements,  and  thus  a  comparison  of 
the  relative  accuracy  of  each  analysis  program  could  likely  be  influenced  by  the  differences  in  the 
elements  used  modeling  the  columns.  Second,  in  analyses  used  to  model  actual  structures  beam 
elements  would  most  likely  be  the  element  chosen,  which  gives  a  better  indicator  of  the 
performance  of  this  element. 


(2)  DRAIN-3DX 

An  inelastic  fiber  beam-column  element  (Type  15)  was  used  in  modeling  the  Pipe 
Column  part  of  the  4  columns  in  Drain-3DX.  Each  cross-section  is  either  elastic  or  is  divided 
into  a  number  of  fibers,  which  can  have  nonlinear  stress-strain  behavior.  If  the  elements  were 
nonlinear,  each  was  divided  into  5  segments,  and  then  each  segment  was  divided  into  a  number  of 
fibers.  The  behavior  is  monitored  at  the  center  cross-section  in  each  segment.  In  defining  the 
columns  when  the  nonlinear  fibers  were  utilized,  the  number,  location  and  area  of  each  fiber  were 
required.  For  these  analyses,  12  fibers  were  used,  arrayed  in  a  circular  pattern  along  the  midline 
of  the  pipe  column  cross-section,  as  seen  in  Figure  3.24.  For  the  low-level  tests,  when  the 
elements  are  specified  to  be  elastic,  Drain-3DX  requires  the  input  of  the  cross-sectional  area,  both 
cross-sectional  moments  of  inertia,  and  the  polar  moment  of  inertia.  Transverse  shear 
deformation  is  accounted  for  in  this  element.  An  elastic  beam-column  element  (Type  17)  was 
used  in  modeling  the  Non-Rigid  Link  part  of  the  4  columns  in  the  Drain-3DX  models.  The  cross- 
sectional  area,  both  cross-sectional  moments  of  inertia,  and  the  polar  moment  of  inertia  are 
required  to  define  the  element. 

(B)  Diaphragm 

The  diaphragm  in  the  test  structure  was  designed  to  behave  as  a  rigid  body  and  to  experience  no 
permanent  damage.  Therefore,  although  it  was  expected  that  the  diaphragm  could  be  modeled  as 
a  rigid  plate  in  the  finite  element  analysis,  verifying  this  assumption  was  necessary.  Both  the  in¬ 
plane  and  bending  rigidity  of  the  diaphragm  in  the  test  structure  were  studied,  and  were  shown 
previously  in  this  chapter  to  be  valid  modeling  assumptions.  Thus,  the  diaphragm  in  the  finite 
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element  model  was  designed  as  a  rigid  body  as  well.  This  was  achieved  by  two  different  methods 
in  the  two  analysis  programs. 

(1)  Abaqus 

The  diaphragm  in  the  Abaqus  finite  element  model  consists  of  two  types  of  elements, 
which  work  together  to  produce  a  rigid  plate.  The  diaphragm  surface  is  composed  of  16  rigid  4- 
node  bilinear  quadrilateral  elements.  Around  the  perimeter  of  the  diaphragm  are  16  rigid  2-node 
beam  elements.  The  presence  of  the  rigid  beam  elements  is  necessitated  by  the  lack  of  bending 
rigidity  of  the  quadrilateral  elements  about  the  X-  and  Y-Axis.  The  rigid  quadrilateral  elements 
and  the  rigid  beam  elements  are  combined  to  form  a  rigid  body,  which  then  all  share  a  common 
rigid  body  reference  node.  The  rigid  body  reference  node  is  located  at  the  geometric  center  of  the 
diaphragm. 

(2)  DRAIN-3DX 

The  diaphragm  in  the  Drain-3DX  model  is  composed  of  the  same  elastic  beam-column 
element  (Type  17)  used  to  model  the  Non-Rigid  Links.  Forty  elements  were  used  to  create  a  grid 
connecting  the  25  diaphragm  nodes,  as  seen  in  Figure  3.22.  The  elements  were  specified  to  have 
a  large  bending  stiffness  and  to  be  massless.  In  order  to  ensure  that  the  diaphragm  moved  in  a 
rigid  manner,  the  rotation  of  each  diaphragm  node  was  slaved  to  a  reference  node.  This  reference 
node  is  located  at  the  geometric  center  of  the  diaphragm. 

(c)  Mass 

In  choosing  the  method  of  mass  distribution,  a  number  of  criteria  were  important.  First,  the 
vertical  mass  distribution  of  the  test  structure  needed  to  be  modeled  correctly.  In  determining  the 
center  of  mass  of  the  test  structure  diaphragm  assembly,  both  the  masses  located  above  and  below 
the  diaphragm  and  the  column  top  plates  were  included  in  the  computation.  Thus,  for  purposes  of 
the  Abaqus  finite  element  modeling,  all  components  of  the  test  structure  other  than  the  60-inch 
pipe  columns  were  lumped  together  and  termed  the  diaphragm  assembly.  The  total  mass  of  the 
test  structure  diaphragm  assembly  was  distributed  in  the  plane  of  the  rigid  diaphragm  plate.  The 
mass  and  center  of  mass  of  this  diaphragm  assembly  was  computed,  and  the  diaphragm  rigid  plate 
in  the  finite  element  model  was  located  at  the  same  height  as  the  test  structure  diaphragm 
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assembly.  The  only  other  component  of  the  test  structure  for  which  mass  was  accounted  were  the 
60-inch  pipe  columns.  In  the  Abaqus  finite  element  model  of  the  structure,  the  Pipe  Columns 
were  given  the  appropriate  mass  density  of  steel,  thereby  modeling  the  true  mass  distribution  of 
the  60-inch  pipe  columns.  With  Drain-3DX,  the  mass  must  be  lumped  at  the  nodes.  Thus,  the 
only  difference  with  Drain-3DX  is  that  the  mass  of  the  columns  is  also  incorporated  into  the 
masses  placed  in  the  diaphragm.  This  has  the  effect  of  placing  the  diaphragm  at  a  slightly 
reduced  height  in  the  Drain-3DX  model  as  compared  to  the  Abaqus  model.  In  both  the  Abaqus 
and  Drain-3DX  models,  mass  placement  thus  matched  the  true  vertical  mass  distribution  of  the 
test  structure. 

Second,  the  horizontal  mass  distribution  of  the  test  structure  needed  to  be  modeled  correctly.  In 
determining  the  distribution  of  the  diaphragm  assembly  total  mass  within  the  plane  of  the  rigid 
diaphragm,  three  test  structure  properties  were  considered:  the  rotational  moment  of  inertia  of  the 
diaphragm  assembly,  the  mass  center  of  the  diaphragm  assembly  in  its  plane,  and  the  total  mass 
of  the  diaphragm  assembly.  The  rotational  moment  of  inertia  was  calibrated  using  the  torsional 
modal  frequency  of  the  test  structure.  The  method  used  to  model  these  three  properties  was  to 
place  nodal  masses  at  eight  nodes  in  the  plane  of  the  rigid  diaphragm  as  shown  in  Figures  3.21 
and  3.22.  One  mass  was  placed  at  each  of  the  four  exterior  comers  of  the  diaphragm,  and  one 
mass  was  placed  at  each  of  the  four  interior  nodes.  In  each  test  configuration,  the  comer  masses 
each  had  the  same  magnitude,  while  the  interior  masses  did  not  necessarily  have  the  same 
magnitude.  The  magnitudes  of  each  of  the  diaphragm  masses  for  each  test  configuration  are 
listed  in  Tables  3.6  and  3.7,  and  are  also  covered  in  the  following  chapters.  As  a  result  of  this 
nodal  mass  distribution  in  the  finite  element  model,  25  nodes  were  required  to  compose  the  rigid 
diaphragm.  Thus  the  model  contained  the  four  interior  nodes  plus  the  center  node. 

Since  nodal  masses  were  used  to  model  the  entire  mass  of  the  diaphragm  assembly,  all  of  the 
elements  in  the  Abaqus  finite  element  model,  with  the  exception  of  the  60-inch  Pipe  Columns, 
were  massless.  In  the  Drain-3DX  model,  all  elements  were  massless,  including  the  columns. 
Thus,  the  rigid  plate  elements  and  the  rigid  beam  elements  used  in  the  rigid  diaphragm,  and  the 
linear  beam  elements  used  to  model  the  Non-Rigid  Links  were  all  defined  with  a  very  small  mass 
density. 
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(D)  Material  Definition 


(1)  Abaqus 

The  rigid  quadrilateral  elements  and  the  rigid  beam  elements  used  to  model  the 
diaphragm  are  massless  in  the  finite  element  model,  as  discussed  above,  and  as  such  require  no 
material  definition.  The  Non-Rigid  Links  are  massless  as  well,  but  do  require  other  material 
property  definitions.  The  Non-Rigid  Links  require  an  elastic  modulus  definition,  but  no  post¬ 
yield  stress-strain  behavior  definition  as  they  are  limited  to  elastic  behavior.  The  elastic  modulus 
of  the  Non-Rigid  Links  was  adjusted,  as  were  the  planar  dimensions  of  the  Links,  such  that  the 
modal  frequencies  of  the  finite  element  model  match  the  measured  modal  frequencies  of  the  test 
structure.  Thus,  both  the  elastic  modulus  and  planar  dimensions  of  the  Non-Rigid  Links  were 
potentially  different  in  each  of  the  test  configurations. 

The  Pipe  Columns  required  the  most  detailed  material  definition.  They  are  not  massless,  and  thus 
require  a  mass  density  definition.  The  material  damping  is  also  defined  for  the  Pipe  Columns,  as 
the  damping  here  is  a  material  property  and  not  a  modal  property  of  the  structure,  as  discussed 
below.  The  most  important  material  definition  for  the  Pipe  Columns  for  this  study  is  the  stress- 
strain  behavior  of  the  steel.  The  elastic  modulus  of  the  pipe  columns  was  defined  as  29000  ksi 
for  all  of  the  test  configurations.  Since  the  columns  in  the  test  structure  experience  significant 
excursions  past  yield,  the  post-yield  stress-strain  behavior  is  very  important  to  the  test  structure 
response.  In  order  to  model  this  post-yield  behavior,  tension  tests  were  performed  to  failure  on 
coupon  samples  taken  from  the  columns.  The  stress-strain  behavior  of  these  material  samples 
was  the  basis  for  the  finite  element  material  models  in  each  test  configuration.  Specific  tension 
test  data  of  the  coupons  applicable  to  each  test  configuration,  and  the  resulting  finite  element 
material  model  definition,  are  presented  in  their  respective  chapters.  Cyclic  tests  on  the  column 
coupons  were  not  performed,  but  as  the  columns  in  the  test  structure  undergo  a  moderate  number 
of  post-yield  loading  cycles,  material  hardening  can  significantly  affect  structural  response. 

Abaqus  provides  a  number  of  material  hardening  models,  but  the  model  which  is  most 
appropriate  for  this  study  is  the  nonlinear  combined  isotropic/kinematic  hardening  model.  This 
model  is  based  on  the  work  of  Lemaitre  and  Chaboche  [54]. 

The  basic  idea  behind  isotropic  hardening  is  that  the  yield  surface  changes  size  uniformly  in  all 
directions  such  that  the  yield  stress  increases  or  decreases  in  all  stress  directions  as  plastic 
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straining  occurs.  This  is  illustrated  schematically  in  Figure  3.25.  The  isotropic  hardening 
component  of  the  material  model  defines  the  evolution  of  the  size  of  the  elastic  range  as  a 
function  of  the  plastic  strain.  The  method  used  to  define  the  isotropic  hardening  characteristics 
for  this  study  was  by  defining  the  yield  stress  as  a  tabular  function  of  plastic  strain.  The  yield 
stress  at  a  given  state  was  then  interpolated  from  the  table  of  data. 

Isotropic  hardening  has  been  used  extensively  in  plasticity  theory,  and  this  phenomenon  has  been 
observed  experimentally.  While  this  model  alone  gives  accurate  results  for  monotonic  loading,  it 
does  not  correctly  model  the  Bauschinger  effect,  which  is  characterized  by  a  reduced  yield  stress 
upon  post-yield  load  reversal.  This  effect  could  potentially  be  significant  in  the  response  of  the 
test  structure  as  it  does  undergo  numerous  post-yield  loading  cycles.  With  kinematic  hardening, 
the  yield  surface  shifts  in  stress  space  so  that  straining  in  one  direction  reduces  the  yield  stress  in 
the  opposite  direction  as  illustrated  in  Figure  3.25.  The  different  hardening  models  are  also 
illustrated  in  Figures  3.26  -  3.29  through  cyclic  load-displacement  plots.  The  combined 
isotropic/kinematic  hardening  model  is  shown  in  Figure  3.26,  the  perfect  plasticity  model  is 
shown  in  Figure  3.27,  the  isotropic  hardening  model  is  shown  in  Figure  3.28  and  the  kinematic 
hardening  model  is  shown  in  Figure  3.29. 

The  use  of  the  kinematic  hardening  model  along  with  the  isotropic  hardening  model  does  take  the 
Bauschinger  effect  into  consideration.  The  kinematic  hardening  component  of  the  material  model 
defines  the  evolution  of  the  translation  of  the  yield  surface  in  stress  space.  This  is  done  with  the 
following  equation,  that  is  used  to  define  a,  the  backstress.  The  backstress  at  any  plastic  strain  is 
the  difference  between  the  total  stress  and  the  yield  stress  as  defined  by  the  isotropic  hardening 
component,  which  is  illustrated  in  Figure  3.30. 


Qr= C  (cr  -  a)e’’'  -  yae^' 


[3.60] 


In  this  equation,  a®  is  the  size  of  the  elastic  range,  is  the  equivalent  plastic  strain,  and  C  and  y 
are  material  parameters  which  must  be  calibrated  from  test  data.  In  this  case,  test  data  used  to 
calibrate  the  model  are  stress-strain  data  obtained  from  the  column  coupon  tests.  Backstress  data 
are  computed  at  each  level  of  plastic  strain  as  the  difference  between  the  total  stress,  taken  from 
the  coupon  tests,  and  the  yield  stress,  as  defined  by  isotropic  hardening  tabular  data.  Isotropic 
hardening  data  are  computed  as  a  percentage  of  the  total  hardening.  The  parameters  C  and  y  are 
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then  determined  by  Abaqus  based  on  backstress  data.  The  isotropic  hardening  model  in  Abaqus 
does  allow  one  to  account  for  cyclic  hardening  as  well,  through  the  definition  of  the  elastic  range 
as  a  function  of  the  number  of  load  reversals.  However,  experimental  cyclic  material  tests  were 
not  performed  and  thus,  no  set  of  data  are  available  to  calibrate  the  model  for  cyclic  hardening  as 
a  function  of  load  reversals.  The  cyclic  hardening  behavior  of  A36  steel  under  symmetric  strain- 
control,  as  studied  in  Reference  64,  is  shown  in  Figure  3.31.  This  data  plot  illustrates  that  a  large 
number  of  load  reversals  is  necessary  to  significantly  impact  the  stress-strain  behavior  of  A36 
steel.  The  number  of  plastic  load  reversals  during  each  experimental  simulation  in  this  study  is 
not  very  large,  approximately  10-15,  thus  the  lack  of  cyclic  hardening  data  as  a  function  of  load 
cycle  should  not  significantly  impact  the  ability  to  model  the  experimental  simulations. 


(2)  DRAIN-3DX 

In  the  Drain-3DX  model,  the  Non-Rigid  Link  elements  and  the  diaphragm  elements  are 
both  linear  beam-column  elements.  They  require  the  cross-sectional  area,  both  cross-sectional 
moments  of  inertia,  the  polar  moment  of  inertia,  and  the  shear  and  elastic  moduli  to  be  defined. 
The  elastic  modulus  of  the  Non-Rigid  Links  was  adjusted,  as  were  the  planar  dimensions  of  the 
Links,  such  that  the  modal  frequencies  of  the  finite  element  model  match  the  measured  modal 
frequencies  of  the  test  structure.  Thus,  both  the  elastic  modulus  and  planar  dimensions  of  the 
Non-Rigid  Links  were  potentially  different  in  each  of  the  test  configurations. 

As  with  the  Abaqus  model,  the  Pipe  Columns  require  the  most  detailed  material  definition.  For 
the  low-level  earthquake  simulations,  when  the  Pipe  Column  elements  are  defined  as  elastic,  the 
input  data  requirements  are  similar  to  the  Non-Rigid  Link  and  diaphragm  elements.  The  cross- 
sectional  area,  both  cross-sectional  moments  of  inertia,  the  polar  moment  of  inertia,  and  the  shear 
and  elastic  moduli  must  be  defined.  The  elastic  modulus  of  the  pipe  columns  was  defined  as 
29000  ksi  for  all  of  the  test  configurations.  When  the  nonlinear  fiber  elements  are  used  to  define 
the  columns,  the  material  input  is  similar  to  the  Abaqus  material  definition.  Although  Drain-3DX 
does  not  feature  the  diverse  set  of  material  hardening  models  that  Abaqus  does,  it  does  allow  a  set 
of  five  stress-strain  points  to  be  defined.  This  gives  Drain-3DX  the  ability  to  model  isotropic 
hardening,  which  was  discussed  previously.  Specific  tension  test  data  of  the  coupons  applicable 
to  each  test  configuration,  and  the  resulting  finite  element  material  model  definition,  are 
presented  in  their  respective  chapters. 


88 


(E)  Other  Modeling  Issues 


Three  other  issues  common  to  finite  element  models  in  each  test  configuration  are  the  structural 
damping  of  the  model,  the  fixity  of  the  column  bases,  and  the  input  ground  motions.  First,  with 
regard  to  the  structural  damping,  two  limitations  in  Abaqus  impact  this  study.  The  first  limitation 
is  the  inability  to  define  modal  damping  for  the  model  when  using  the  direct-integration  dynamic 
analysis  in  Abaqus.  Damping  must  be  defined  as  a  material  property,  and  the  damping  definition 
available  is  stiffiiess  proportional  Rayleigh  damping.  Thus,  the  measured  damping  characteristics 
of  the  overall  test  structure  cannot  be  directly  defined  in  Abaqus.  The  solution  used  was  to  adjust 
the  stiffness  proportional  damping  of  the  finite  element  model  such  that  the  response  of  the  model 
matched  the  test  structure  response  at  low  ground  motion  input  levels.  The  second  limitation  was 
that  since  the  damping  was  a  material  property,  it  was  impossible  to  define  a  different  level  of 
damping  for  the  X  and  Y  directions.  Drain-3DX  presented  similar  limitations.  A  viscous 
damping  matrix  that  is  proportional  to  the  element  stiffiiesses  and  nodal  masses  can  be  specified 
for  the  structure.  Although  the  stiffiiesses  are  different  for  the  X  and  Y  directions,  they  are  not 
dissimilar  enough  to  produce  the  different  damping  ratios  needed  for  some  configurations.  As 
can  be  seen  in  Table  3.5,  the  measured  level  of  damping  for  the  test  structure  in  the  X  and  Y 
directions  were  often  different,  many  times  differing  by  a  factor  of  two  or  more.  Thus,  it  was 
often  necessary  to  choose  a  level  of  damping  that  split  the  difference,  or  minimized  the  error  in 
each  direction.  The  amount  of  damping  present  in  the  test  structure,  as  is  typical  of  steel 
structures,  is  relatively  small.  For  the  low  level  tests,  it  does  have  a  significant  impact  on  the 
model  response,  but  for  the  large-scale  tests,  the  inherent  structural  damping  is  greatly 
overshadowed  by  the  energy  dissipation  due  to  nonlinear  behavior. 

In  the  test  structure,  the  pipe  columns  were  welded  to  the  column  bottom  plates,  which  were  then 
bolted  to  the  shaketable,  as  described  in  Chapter  2.  This  design  of  the  test  structure  was  meant  to 
produce  a  constraint  of  complete  fixity  at  the  base  of  each  column.  Thus,  in  the  finite  element 
model,  the  bottom  node  of  each  column  was  completely  constrained. 

Two  ground  motions  were  input  to  the  finite  element  model,  those  along  the  X-  and  the  Y-Axis. 
The  motions  used  in  the  Abaqus  analyses  were  the  shaketable  displacement  records  along  the  X- 
and  the  Y-Axis  recorded  during  each  test.  Abaqus  allows  the  definition  of  non-zero 
displacement,  velocity,  or  acceleration  time  histories  for  any  node.  Thus,  the  node  located  at  the 
bottom  of  each  of  the  four  columns  was  provided  with  the  recorded  shaketable  displacement 
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records  as  displacement  time  histories  in  both  the  X  and  Y  directions.  The  motions  used  in  the 
Drain-3DX  analyses  were  the  shaketable  acceleration  records  along  the  X-  and  Y-Axis  recorded 
during  each  test.  Drain-3DX  requires  acceleration  records  to  be  used  as  ground  motion  inputs  if 
the  base  nodes  are  completely  fixed,  which  is  the  case  here. 


3.11  Finite  Element  Analyses 


Due  to  its  rigidity,  the  planar  motion  of  the  diaphragm  can  be  completely  characterized  by  three 
degrees-of-freedom,  two  translational  components  along  the  X-  and  Y-Axis  and  one  rotational 
component  about  the  Z-Axis.  Because  of  this,  the  relative  displacement  of  the  diaphragm  along 
the  X-  and  Y-Axis  and  the  rotation  of  the  diaphragm  about  the  Z-Axis  were  chosen  as  the 
response  quantities  used  to  compare  the  accuracy  of  the  finite  element  simulations.  Utilizing  the 
respective  acceleration  response  histories  would  have  been  a  valid  choice  as  well,  but 
displacements  were  chosen  as  they  have  a  more  intuitive  quality  than  accelerations.  Thus,  the 
relative  displacements  along  the  X-  and  Y-Axis  and  the  rotation  about  the  Z-Axis,  for  both  the 
test  structure  and  the  finite  element  model,  are  shown  in  the  following  chapters  for  various  levels 
of  ground  motion  input  as  a  means  of  comparison  between  the  finite  element  analysis  and  the  test 
structure  response. 
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Figure  3.2  Diaphragm  Displacement  Transducers 
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Figure  3. 10  Typical  White  Noise  Transfer  Functions  -  Symmetric  Mass 
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Figure  3.11  Typical  White  Noise  Transfer  Functions  -  1/2  Asymmetric  Mass 
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Figure  3.12  Typical  White  Noise  Transfer  Functions  -  1/4  Asymmetric  Mass 
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Figure  3.13  Typical  Sine  Decay  Time  Histories  -  Symmetric  Mass 
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Figure  3.15  Typical  Sine  Decay  Time  Histories  -  1/4  Asymmetric  Mass 
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Figure  3.16  Typical  Sine  Sweep  Transfer  Functions  -  Symmetric  Mass 
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Figure  3.18  Typical  Sine  Sweep  Transfer  Functions  -  1/4  Asymmetric  Mass 
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Figure  3.22  Typical  Drain-3DX  Test  Structure  Finite  Element  Model 
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Figure  3.30  One-Dimensional  Representation  of  the  Nonlinear  Isotropic/Kinematic  Hardening  Model 
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Figure  3.3 1  Cyclic  Hardening  Behavior  of  A  36  Steel 
[Cycles  1, 2,  5,  10,  20,  and  100  are  plotted] 
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CHAPTER  4 

EXPERIMENTAL  AND  ANALYTICAL  RESPONSE  OF 
TEST  CONFIGURATION  1 


This  chapter  provides  a  summary  of  the  experimental  test  data  and  the  finite  element  analysis 
results  of  Test  Configuration  1.  The  first  configuration,  as  seen  in  Figure  4.1,  featured  the  masses 
loaded  synometrically  on  the  diaphragm,  and  four  4”  Extra-Strong  Columns.  The  dynamic 
properties  of  the  test  structure  in  Test  Configuration  1  are  shown  in  Table  4. 1 . 

Eleven  earthquake  simulations  were  performed  with  this  test  configuration,  with  the  only 
difference  during  each  simulation  being  the  set  of  input  ground  motions.  Although  eleven 
simulations  were  performed,  only  four  will  be  discussed  here.  The  earthquake  simulations  using 
the  Pacoima  record  as  the  input  ground  motion,  EQ  04  -  EQ  06,  were  performed  to  verify  the 
preliminary  analysis  to  select  the  reference  set  of  input  motions.  The  eighth  earthquake 
simulation,  EQ  08,  saw  a  number  of  data  channels  fail,  and  beyond  the  eighth  simulation  the 
accumulated  damage  was  significant  enough  to  make  any  data  analysis  difficult.  Thus,  EQ  01  - 
EQ  03  and  EQ  07  are  the  four  earthquake  simulations  that  will  be  discussed  in  this  chapter.  The 
base  ground  motion  used  in  this  test  configuration  and  all  subsequent  test  configurations  was  the 
1979  Imperial  Valley  record  at  Bonds  Comer.  In  addition  to  the  earthquake  simulations, 
characterization  tests  were  performed  to  determine  the  dynamic  properties  of  the  model  as 
described  in  Chapter  2.  The  complete  test  sequence  for  Test  Configuration  1  is  shown  in  Table 
4.2. 

The  first  three  earthquake  simulations,  EQ  01  with  25%  X-Axis  only  [PGAx  =  0.238  g],  EQ  02 
with  25%  Y-Axis  only  [PGAy  =  0. 162  g],  and  EQ  03  with  25%  Biaxial  input  motions  [PGAx  = 
0.232  g  and  PGAy  =  0.160  g],  were  intended  to  feature  elastic  behavior  only.  During  this  and  all 
subsequent  test  configurations,  the  earthquake  simulations  utilizing  only  the  X-Axis  or  the  Y- 
Axis  ground  motion  component  may  often  be  referred  to  as  uniaxial  simulations,  while  the 
simulations  utilizing  both  X-Axis  and  Y-Axis  ground  motion  components  may  be  referred  to  as 
biaxial  simulations.  During  the  simulations,  the  structure  slightly  exceeded  the  yield 
displacement  in  the  X  direction  during  EQ  01  and  EQ  03.  The  fourth  simulation,  EQ  07,  using 
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100%  Y-Axis  input  motions  [PGAy  =  0.678  g],  was  the  initial  test  with  significant  inelastic 
response  for  this  configuration.  As  discussed  in  Chapter  3,  due  to  the  interaction  between  the 
response  of  the  structure  and  the  table  motion,  the  PGAs  of  the  25%  earthquake  simulations  are 
not  exactly  the  same,  and  the  PGAs  of  the  100%  simulation  are  not  exactly  four  times  as  large  as 
those  for  the  25%  simulation.  This  was  found  to  be  true  in  all  subsequent  test  configurations,  to 
varying  degrees. 

This  chapter  summarizes  response  data  of  the  test  structure  during  the  earthquake  simulations  and 
the  dynamic  characterization  tests.  Summaries  of  test  model  accelerations,  displacements, 
torsional  moments,  overturning  moments,  column  end  moments,  and  base  shears  are  provided. 
Representative  data  have  been  selected  for  presentation  in  this  chapter  to  describe  the  response  of 
the  model. 


4.1  Observed  Structural  Response 

The  three  acceleration  components  needed  to  describe  the  diaphragm  motion  are  the  X-Axis  and 
Y-Axis  accelerations,  and  the  angular  acceleration  response  about  the  Z-Axis.  The  three 
displacement  components  needed  to  describe  the  diaphragm  motion  are  the  X-Axis  and  Y-Axis 
relative  displacements,  and  the  rotation  about  the  Z-Axis.  The  inertial  forces  of  interest  with 
respect  to  the  structure  will  be  those  corresponding  to  the  three  degrees-of-freedom  of  the 
diaphragm,  the  inertial  forces  in  the  X  and  Y  directions,  and  the  inertial  moment  about  the  Z- 
Axis.  As  discussed  in  Chapter  3,  the  inertial  forces  are  computed  using  Equations  3.4,  3.5,  and 
3.6.  The  aforementioned  acceleration  components,  displacement  components,  and  inertial  forces 
will  be  the  primary  means  of  describing  the  structural  response  for  this  and  all  subsequent  test 
configurations. 

The  diaphragm  acceleration  and  displacement  time  history  responses  for  the  25%  X-Axis 
simulation  are  shown  in  Figure  4.2.  The  base  shear  vs.  displacement  and  torque  vs.  rotation  are 
shown  in  Figure  4.3.  Similar  responses  for  the  25%  Y-Axis  simulation  are  shown  in  Figures  4.4 
and  4.5.  Results  for  the  25%  Biaxial  simulation  are  shown  in  Figures  4.6  and  4.7.  The  responses 
for  the  100%  Y-Axis  simulation  are  shown  in  Figures  4.8  and  4.9. 
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Table  4.3  lists  the  maximum  recorded  diaphragm  relative  displacements  and  their  corresponding 
PGA  for  each  of  the  four  earthquake  simulations  performed  in  this  test  configuration.  Table  4.4 
lists  the  maximum  diaphragm  accelerations  and  their  corresponding  PGA  for  each  of  the  four 
earthquake  simulations.  Table  4.5  lists  the  maximum  base  shears,  torsional  moments,  and 
overturning  moments.  Table  4.6  lists  the  maximum  column  end  moments  in  the  X  and  Y 
directions  for  each  column.  Table  4.7  lists  the  maximum  column  end  shears  in  the  X  and  Y 
directions  for  each  column.  The  response  data  listed  in  Tables  4.3  —  4.7  are  also  presented  for  all 
subsequent  test  configurations  in  each  of  the  following  chapters. 


4.2  Observed  Response  Discussion 

In  order  to  better  interpret  the  response  data,  finite  element  pushover  analyses  were  performed  to 
determine  the  lateral  force-deformation  and  torsional  moment-rotation  behavior  of  the  model 
structure.  Figure  4.10  shows  the  calculated  force-deformation  behavior  of  the  structure  in  the  X 
and  Y  directions.  Because  the  model  stmcture  has  different  natural  frequencies  in  the  X  and  Y 
directions,  despite  the  symmetry  of  the  structure,  the  stiffriess  and  thus  the  force-deformation 
behavior  along  each  axis  are  also  different.  In  the  X  direction,  the  model  has  a  yield 
displacement  of  0.46  inches  at  a  yield  force  of  21.35  kips.  In  the  Y  direction,  the  model  has  a 
yield  displacement  of  0.49  inches  at  a  yield  force  of  2 1 .35  kips.  Figure  4. 1 1  shows  the  calculated 
torsional  moment-rotation  behavior  of  the  structure,  or  the  force-deformation  behavior  about  the 
Z-axis.  The  model  has  a  yield  rotation  of  0.0065  radians  at  a  yield  moment  of  1457  kip*inches. 
Also,  elastic  response  spectra  of  the  recorded  table  motions  for  EQ  01  -  EQ  03  and  EQ  07  are 
shown  in  Figures  4. 12  -  4. 15,  respectively.  The  modal  frequencies  for  this  configuration  with 
respect  to  the  response  spectra  are  indicated  in  Figures  4. 1 2  -  4. 1 5  as  well. 

The  first  earthquake  simulation  for  this  configuration,  EQ  01,  features  25%  Imperial  Valley  input 
motion  in  the  X-Axis  only  [PGAx  =  0.238  g].  Time  history  plots  of  the  structural  response  are 
shown  in  Figure  4.2.  The  peak  displacements  of  the  structure  were  0.535  inches  in  the  X 
direction,  which  is  slightly  greater  than  the  yield  displacement  of  0.46  inches,  and  0.087  inches  in 
the  Y  direction,  which  is  well  below  the  yield  displacement  of  0.49  inches.  The  peak 
displacement  predicted  by  static  analysis  for  EQ  01,  using  the  elastic  response  spectrum,  is  0.524 
inches  along  the  X-Axis,  with  no  displacement  predicted  along  the  Y-Axis.  The  peak  rotation  of 
the  stmcture  was  0.29  x  10'^  radians,  also  well  below  the  yield  rotation  of  6.5  x  10'^  radians.  The 
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static  analysis  predicts  no  rotation.  Further,  the  displacement  time  histories  indicate  no  residual 
displacement  or  permanent  deformation.  Also  verifying  the  inelastic  response  in  the  X  direction 
and  the  elastic  response  in  the  Y  direction  and  torsionally  are  the  peak  base  shears,  which  are 
24.53  kips  in  the  X  direction,  3.45  kips  in  the  Y  direction,  and  38.30  kip*inches  about  the  vertical 
axis.  The  peak  base  shear  in  the  X  direction  is  greater  than  the  yield  shear,  21 .35  kips,  while  the 
peak  base  shear  in  the  Y  direction  is  less  than  the  yield  shear  of  2 1 .35  kips.  The  peak  moment  is 
less  than  the  torsional  yield  moment  of  1457  kip*inches.  Figure  4.3  shows  the  base  shear  vs. 
displacement  plots,  which  are  both  tight  and  linear,  apparently  indicating  no  yielding.  The 
appearance  of  elastic  response  in  the  shear  vs.  displacement  plot  for  the  X-Axis,  despite  the 
structure  exceeding  the  yield  displacement,  arises  from  the  very  gradual  reduction  in  stiffness  of 
the  structure  after  initial  yield.  This  can  be  seen  in  the  force  vs.  deformation  plot  in  Figure  4. 10. 
Also,  although  the  input  motion  for  EQ  01  was  along  the  X-Axis  only.  Figure  4.2  shows  that  the 
structure  did  have  a  displacement  response  in  the  Y-Axis.  The  oscillatory  nature  of  the  response, 
combined  with  the  fact  that  the  modal  frequency  in  the  Y-Axis,  3.445  Hz,  is  so  close  to  the  modal 
frequency  in  the  X-Axis,  3.565  Hz,  leads  to  the  conclusion  that  the  response  along  the  Y-Axis  is  a 
resonant  vibration  caused  by  the  motion  along  the  X-Axis.  This  resonant  vibration  is  present  not 
only  in  the  Y-Axis  diaphragm  motion  but  also  the  Y-Axis  table  motion,  in  which  the  latter  is  a 
product  of  the  table  control  problems  discussed  in  Chapter  3.  This  phenomenon  was  observed 
during  many  of  the  subsequent  earthquake  simulations.  This  motion  is  not  predicted  at  all  by  the 
static  analysis.  In  EQ  01,  with  complete  mass  symmetry,  a  torsional  effect  is  not  expected,  and  it 
appears  from  the  rotation  time  history  in  Figure  4.2  that  the  measured  rotation  is  predominantly  a 
combination  of  noise  in  the  data  acquisition  system  and  a  resonant  vibration. 

In  EQ  02  the  model  is  subjected  to  a  25%  Y-Axis  input  motion  [PGAy  =  0.162  g].  Time  history 
plots  of  the  structural  response  are  shown  in  Figure  4.4.  The  peak  displacements  of  the  structme 
were  0.377  inches  in  the  Y  direction  and  0.041  inches  in  the  X  direction,  which  are  both  below 
the  yield  displacements  of  0.49  inches  and  0.46  inches,  respectively.  The  peak  displacement 
predicted  by  static  analysis  for  EQ  02  is  0.355  inches  in  the  Y  direction,  with  no  displacements 
predicted  along  the  X-Axis.  The  peak  rotation  of  the  stmcture  was  0.40  x  10'^  radians,  also  well 
below  the  yield  rotation  of  6.5  x  10‘^  radians.  The  static  analysis  predicts  no  rotation.  Further, 
the  displacement  time  histories  indicate  no  permanent  deformation.  In  EQ  02,  with  no 
eccentricity,  a  torsional  effect  is  not  expected,  and  it  appears  from  the  rotation  time  history  in 
Figure  4.4  that  the  measured  rotation  is  predominantly  a  resonant  vibration  response.  Also,  the 
displacement  time  history  along  the  X-Axis  in  Figure  4.4  seems  to  indicate  that  the  measured  X- 
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Axis  displacement  is  a  resonant  vibration  response,  as  seen  along  the  Y-Axis  in  EQ  01  and 
discussed  above.  Both  the  torsional  and  X-Axis  motion  appear  to  be  products  of  the  shaketable 
motion  control  problem  discussed  in  Chapter  3.  Although  groimd  motion  was  input  to  the 
shaketable  in  the  Y  direction  only,  there  is  a  small  but  nonzero  table  motion  in  the  X-Axis.  An 
EFT  of  the  X-Axis  table  motion  indicated  that  the  table  is  vibrating  at  the  Y-Axis  modal 
frequency  of  the  structure.  An  FFT  analysis  also  indicated  that  the  small  but  nonzero  torsional 
motion  of  the  shaketable  is  also  a  vibration  at  the  Y-Axis  modal  frequency.  The  aforementioned 
X-Axis  and  torsional  motion  of  the  diaphragm  are  also  predominantly  vibratory  at  the  same 
frequency  as  the  X-Axis  and  torsional  table  motions.  This  general  phenomenon  was  seen  to  be 
present  throughout  the  study.  Inexactitudes  of  the  experimental  structure  are  also  possible 
contributors  to  this  motion,  such  as  orientation  of  the  structure  on  the  shaketable  and  the  mass  and 
stiffiiess  symmetry.  The  peak  base  shears  and  peak  torsional  moment  are  17. 18  kips  in  the  Y 
direction,  1.97  kips  in  the  X  direction,  and  39.93  kip*inches  about  the  vertical  axis.  The  peak 
base  shears  are  less  than  the  yield  shears,  21.35  kips  in  the  Y  and  X  directions,  and  the  peak 
moment  is  less  than  the  torsional  yield  moment,  1457  kip*inches.  Figure  4.5  shows  the  base 
shear  vs.  displacement  plots  and  torsional  moment  vs.  rotation  plot,  which  are  tight  and  linear. 

The  third  earthquake  simulation  for  this  configuration,  EQ  03,  features  25%  Imperial  Valley  input 
motion  along  both  the  X-Axis  and  Y-Axis  [PGAx  =  0.232  g  and  PGAy  =  0.160  g].  Time  history 
plots  of  the  structural  response  are  shown  in  Figure  4.6.  The  peak  displacements  of  the  structure 
were  0.488  inches  in  the  X  direction,  which  is  slightly  greater  than  the  yield  displacement  of  0.46 
inches,  and  0.414  inches  in  the  Y  direction,  which  is  slightly  less  than  the  yield  displacement  of 
0.49  inches.  The  peak  displacements  predicted  by  static  analysis  for  EQ  27  are  0.485  inches 
along  the  X-Axis  and  0.404  inches  along  the  Y-Axis.  The  peak  rotation  of  the  structure  was  0.79 
X  10‘^  radians,  well  below  the  yield  rotation  of  6.5  x  10"^  radians.  No  rotation  is  predicted  by 
static  analysis.  Thus,  the  displacements  and  rotation  indicate  that  the  structural  response  for  this 
simulation  remained  elastic  torsionally  and  along  the  Y-Axis,  but  was  slightly  inelastic  along  the 
X-Axis.  Further,  although  the  structure  exceeded  the  yield  displacement  along  the  X-Axis,  the 
displacement  time  histories  indicate  no  residual  displacement  or  permanent  deformation.  As  in 
EQ  01,  this  can  be  attributed  to  the  very  gradual  decrease  in  the  stiffiiess  of  the  structure  after 
initial  yield,  as  seen  in  Figure  4.10.  Bearing  this  out  are  the  base  shear  vs.  displacement  plots  and 
torsional  moment  vs.  rotation  plot  in  Figure  4.7,  which  are  all  tight  and  linear.  The  peak  base 
shears  are  22.54  kips  in  the  X  direction,  17.75  kips  in  the  Y  direction,  and  59.26  kip*inches  about 
the  vertical  axis.  The  peak  base  shear  in  the  X  direction  is  greater  than  the  yield  shear,  2 1 .35 
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kips,  while  the  peak  base  shear  in  the  Y  direction  is  slightly  less  than  the  yield  shear.  The  peak 
moment  is  less  than  the  torsional  yield  moment. 

In  EQ  07,  the  initial  inelastic  test  in  this  configuration,  the  model  structure  is  subjected  to  100% 
Imperial  Valley  input  motion  along  the  Y-Axis  [PGAy  =  0.678  g].  Time  history  plots  of  the 
structural  response  are  shown  in  Figure  4.8.  The  peak  displacements  were  1.216  inches  in  the  Y 
direction  and  0.054  inches  in  the  X  direction.  The  peak  rotation  of  the  structure  was  0.85  x  10‘^ 
radians.  Thus,  the  displacements  and  rotation  indicate  that  the  structural  response  for  this 
simulation  was  inelastic  in  the  Y  direction  and  elastic  in  the  X  direction  and  torsionally,  as 
expected.  Although  the  structure  was  ostensibly  symmetric,  and  was  subjected  to  ground  motion 
in  the  Y  direction  only,  the  structure  did  respond  noticeably  in  the  X  direction  and  torsionally.  As 
this  simulation  was  basically  a  scaled-up  version  of  EQ  02,  the  response  observed  here  is  caused 
by  the  same  phenomenon  explained  previously  for  EQ  02.  The  only  difference  between  EQ  02 
and  EQ  07  is  that  the  X-Axis  and  torsional  response  are  significantly  larger  for  EQ  07,  which 
follows  from  the  fact  that  the  Y-Axis  ground  motion  is  also  significantly  larger.  The  peak  base 
shears  are  34.04  kips  in  the  Y  direction,  2.32  kips  in  the  X  direction,  and  99.30  kip*inches  about 
the  vertical  axis.  The  peak  base  shear  in  the  Y  direction  is  greater  than  the  yield  shear,  21.35 
kips.  The  base  shear  in  the  Y  direction  demonstrates  the  overstrength  of  the  structure,  as  the  peak 
shear  is  nearly  twice  the  yield  shear.  Figure  4.9  shows  the  base  shear  vs.  displacement  plots  and 
torsional  moment  vs.  rotation  plot.  The  Y-Axis  shear  vs.  displacement  plot  is  no  longer  tight  and 
linear,  but  now  is  beginning  to  take  on  a  fuller  shape,  indicating  inelastic  behavior.  Both  the  X- 
Axis  shear  vs.  displacement  and  the  moment  vs.  rotation  are  tight  and  linear.  Despite  the  onset  of 
inelastic  behavior  in  the  Y  direction,  no  residual  displacement  is  present  following  EQ  07,  as  seen 
in  Figure  4.8. 

The  acceleration  response  of  the  diaphragm  divided  by  the  peak  ground  acceleration  (PGA)  is 
shown  in  Table  4.4  as  the  normalized  acceleration.  In  EQ  02,  with  25%  Y-Axis  input  motions, 
the  normalized  acceleration  response  of  the  diaphragm  is  2.93  in  the  Y  direction.  The  input 
ground  motion  is  increased  by  approximately  a  factor  of  4  in  EQ  07,  but  the  acceleration  response 
of  the  diaphragm  only  increases  by  about  2  in  the  Y  direction.  This  is  illustrated  in  the 
normalized  acceleration  response  of  the  diaphragm,  which  has  decreased  to  1.39  in  the  Y 
direction.  This  trend  verifies  the  expected  inelastic  behavior  of  the  structure  in  EQ  07.  Because 
the  base  shears  are  roughly  proportional  to  the  diaphragm  accelerations,  the  same  trends  can  be 
observed  by  comparing  the  peak  base  shears  to  the  peak  ground  accelerations. 
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The  displacement  response  of  the  diaphragm  divided  by,  or  normalized  by,  the  peak  ground 
acceleration  (PGA)  is  shown  in  Table  4.3.  In  EQ  02,  with  a  25%  Y-Axis  input  motion,  the 
relative  displacement  of  the  diaphragm  is  2.33  in/g  in  the  Y  direction.  The  input  ground  motions 
are  increased  to  100%  Biaxial  in  EQ  07,  but  the  normalized  displacement  decreases  slightly  in  the 
Y  direction  to  1.79  in/g.  Although  it  is  expected  that  the  period  of  the  structure  will  increase 
during  inelastic  response,  the  elastic  deformation  response  spectra  for  EQ  07,  as  showm  in  Figure 
4.14,  indicates  that  the  deformation  response  may  increase  or  decrease  as  the  period  increases 
from  the  natural  period  of  about  0.29  seconds.  In  this  case,  the  normalized  deformation  response 
decreases  as  the  period  of  the  structure  increases  in  moving  to  inelastic  behavior,  from  EQ  02  to 
EQ  07.  Although  not  predictable,  this  behavior  is  not  inconsistent  with  the  deformation  response 
spectra  for  this  configuration. 

Due  to  the  fact  that  the  base  shears  are  directly  proportional  to  the  diaphragm  accelerations,  and 
the  torsional  moment  is  directly  proportional  to  the  diaphragm  angular  acceleration,  it  is  not 
surprising  that  the  same  trends  observed  through  the  base  shears  and  torsional  moment  responses 
can  be  observed  through  the  acceleration  and  angular  acceleration  as  well.  Following  this  trend, 
the  overturning  moments  are  directly  proportional  to  the  base  shears.  Also,  the  column  end  , 
shears  and  moments  are  computed  from  only  the  base  shears  and  the  torsional  moment.  Thus,  the 
same  trends  observed  through  the  acceleration  and  angular  acceleration  responses  are  present  in 
the  base  shear,  torsional  moment,  overturning  moment,  column  end  shear,  and  column  end 
moment  responses. 


4.3  Dynamic  Characterizations  of  the  Model 

Prior  to  performing  any  shaketable  simulations  using  the  earthquake  input  motions,  white  noise, 
sine  sweep,  and  sine  decay  tests  were  performed,  as  discussed  in  Chapter  3.  This  general  pattern 
was  followed  for  Test  Configuration  1,  as  can  be  seen  in  Table  4.1.  As  discussed  previously,  due 
to  the  rigidity  of  the  diaphragm,  the  diaphragm  motion  can  be  represented  completely  with  only 
three  degrees-of-freedom.  Because  of  this,  and  the  fact  that  the  test  structure  is  single-story 
structure,  three  modal  frequencies,  corresponding  to  the  first  mode  in  each  of  the  three  degrees- 
of-freedom,  dominate  the  structural  response.  Also,  the  damping  ratio  of  the  test  structure  for  all 
three  degrees-of-freedom  is  near  or  below  one  percent,  which  is  consistent  with  the  damping 
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ratios  of  the  first  three  test  configurations.  This  is  not  surprising,  as  elastic  steel  structures 
inherently  possess  low  damping  characteristics,  imless  some  external  damping  device  is  added, 
which  was  not  the  case  here. 


4.4  Observed  Condition  of  the  Structure 

Following  each  of  the  major  earthquake  simulations,  the  model  structure  was  physically 
inspected.  Typically  photographs  were  taken  as  well,  predominantly  after  the  final  earthquake 
simulation  of  the  test  configuration.  Historically,  the  most  problematic  location  on  the  model  was 
column-to-bottom  plate  welded  joint  on  each  column.  These  areas  were  inspected  carefully  in 
order  to  document  any  fracture  in  the  weld  or  in  the  base  material.  For  Test  Configuration  1, 
fracture  occurred  during  EQ  1 1 .  The  northeast  column  fractured  near  its  base,  and  the  southeast 
column  baseplate  weld  failed. 

In  observing  the  structure  condition  after  EQ  07,  the  formation  of  plastic  hinges  near  the  tops  and 
bottoms  of  the  columns  was  becoming  discemable.  Following  the  completion  of  EQ  08, 
permanent  plastic  damage  in  the  columns  was  evident,  with  the  locations  of  the  plastic  hinges  in 
the  columns  becoming  very  clear.  The  deformed  shape  of  the  columns  was  consistent  with  what 
would  be  expected  for  a  column  loaded  with  equal  and  opposite  end  moments  and  shear  forces. 
This  could  also  be  seen  through  the  final  resting  displacement  of  the  diaphragm,  being 
permanently  offset  from  the  original  location,  and  with  respect  to  the  ground.  Figures  4.16  and 
4.17  are  photographs  of  the  test  structure  taken  before  the  earthquake  simulations  were 
performed.  Figures  4. 1 8  and  4. 1 9  are  photographs  of  the  test  structure  taken  after  one  of  the 
inelastic  simulations,  illustrating  the  melastic  behavior  and  permanent  damage  of  the  structure. 
Figure  4.20  shows  the  formation  of  plastic  hinges  near  the  top  and  bottom  of  the  northeast 
column.  Figure  4.21  shPws  the  column  fracture  at  the  bottom  of  the  northeast  column  after  EQ 
11. 


4.5  Finite  Element  Analysis 


In  modeling  the  behavior  of  the  test  structure,  the  nonlinear  finite  element  analysis  programs 
Abaqus  and  Drain-3DX  were  employed.  During  the  earthquake  simulations  employing  the  larger 
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scale  input  motions,  the  stractural  response  exhibits  both  geometric  and  material  nonlinearities, 
both  of  which  Abaqus  and  Drain-3DX  can  model.  Both  programs  feature  elements  of 
“distributed  plasticity”  type,  which  allows  the  very  useful  ability  to  designate  the  elastic-plastic 
behavior  for  any  element  through  the  input  of  stress-strain  data.  Thus,  the  locations  of  plastic 
hinges  do  not  have  to  be  foimd  and  added  to  the  model  before  running  the  analysis.  A  more 
complete  discussion  of  the  applicable  features  of  Abaqus  and  Drain-3DX  is  presented  in  Chapter 
3.  Also,  some  aspects  of  the  finite  element  model,  such  as  the  modeling  of  the  diaphragm  as  a 
rigid  component,  are  common  throughout  each  test  configuration,  and  are  discussed  more 
completely  in  Chapter  3. 

(A)  Pipe  Column  Material  Model 

The  pipe  columns  used  in  Test  Configuration  1,  as  well  as  those  used  in  Test  Configurations  2-4, 
were  produced  Jfrom  the  same  batch  of  raw  pipe  column  lengths.  As  a  result  of  this  four  coupons 
were  taken  fi'om  the  overall  batch  of  pipe  columns  used  in  Test  Configurations  1-4.  The  material 
models  of  the  pipe  columns  in  these  foxu  test  configurations  were  based  on  the  stress-strain  data 
produced  during  the  tension  tests  performed  on  each  coupon.  The  material  model  was 
determined  by  first  analyzing  the  elastic  part,  verifying  the  elastic  modulus  of  the  material  to  be 
roughly  29000  ksi,  the  typical  value  for  structural  steel.  Second,  the  inelastic  part  was  analyzed, 
resulting  in  a  best-fit  stress-strain  model.  Both  the  original  stress-strain  data  recorded  during  the 
coupon  tension  tests,  and  the  best-fit  material  model  used  in  the  finite  element  analyses  are  shown 
in  Figure  4.22  for  Abaqus  and  in  Figure  4.23  for  Drain-3DX.  Shown  in  Table  4.8  are  the 
numerical  stress-strain  best-fit  model  data  for  the  Abaqus  models.  Abaqus  allows  the  stress-strain 
properties  to  be  defined  for  a  material  by  specifying  the  elastic  modulus,  E,  and  by  specifying 
data  sets  of  a  stress  value  and  a  plastic  strain  value.  Shown  in  Table  4.9  are  the  stress-strain  best- 
fit  model  data  for  the  Drain-3DX  models.  Drain-3DX  allows  the  stress-strain  properties  to  be 
defined  by  specifying  the  elastic  modulus  and  by  specifying  five  data  sets  of  a  stress  value  and  a 
strain  value. 
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(B)  Finite  Element  Model 


The  Abaqus  and  Drain-3DX  finite  element  models  employed  to  analyze  the  behavior  of  Test 
Configuration  1  are  shown  in  Figures  4.24  and  4.25,  respectively.  Beyond  the  features  of  the 
finite  element  model,  which  are  common  throughout  each  test  configuration  and  are  discussed  in 
Chapter  3,  Figure  4.24  illustrates  the  location  and  magnitudes  of  the  nodal  masses  and  the  height 
of  the  Non-Rigid  Links  for  the  Abaqus  model.  The  nodal  masses  placed  at  each  of  the  four 
comers  of  the  diaphragm  each  have  a  magnitude  of  2.800  lb*s^/in.  The  interior  nodal  masses 
each  have  a  magnitude  of  20.41 1  lb*s^/in.  The  height  of  the  finite  element  model  diaphragm  in 
this  test  configuration  is  69.123  inches,  which  thus  produces  a  length  of  9.123  inches  for  each  of 
the  four  Non-Rigid  Links.  Figure  4.25  illustrates  the  location  and  magnitudes  of  the  nodal 
masses  and  the  height  of  the  Non-Rigid  Links  for  the  Drain-3DX  model.  The  nodal  masses 
placed  at  the  four  diaphragm  comers  have  magnitudes  of  2.994  lb*sMn.  The  interior  nodal 
masses  each  have  a  magnitude  of  20.41 1  lb*s^/in.  The  height  of  the  finite  element  model 
diaphragm  is  68.798  inches,  which  results  in  a  length  of  8.798  inches  for  the  Non-Rigid  Links. 


(c)  Observed  Response 

The  relative  displacement  of  the  diaphragm  along  the  X-  and  Y-Axis  and  the  rotation  of  the 
diaphragm  about  the  Z-Axis  were  chosen  as  the  response  quantities  used  to  compare  the  accuracy 
of  the  finite  element  simulations.  Utilizing  the  acceleration  response  histories  would  have  been  a 
valid  choice  as  well;  however,  displacements  were  chosen  as  they  have  a  more  intuitive  quality 
than  accelerations  and  the  damage  in  a  building  is  better  correlated  to  relative  displacements. 

Displacement  histories  for  both  Abaqus  and  Drain-3DX  analyses  along  the  X-  and  Y-Axis,  where 
appropriate,  are  provided  for  the  25%  X-Axis  simulation  [PGAx  0.238  g]  in  Figures  4.26  and 
4.27,  are  provided  for  the  25%  Y-Axis  simulation  [PGAy  =  0.162  g]  in  Figures  4.28  and  4.29,  for 
the  25%  Biaxial  simulation  [PGAx  =  0.232  g  and  PGAy  =  0.160  g]  in  Figures  4.30  and  4.31,  and 
for  the  100%  Y-Axis  simulation  [PGAy  =  0.678  g]  in  Figures  4.32  -  4.36.  The  100%  Y-Axis 
Abaqus  simulation  was  performed  using  four  different  post-yield  material  models:  perfect 
plasticity,  isotropic  hardening,  kinematic  hardening,  and  combined  isotropic/kinematic  hardening. 
Table  4.10  lists  the  maximum  peak  relative  displacements  in  the  X  and  Y  directions  and  the  peak 
rotation,  and  the  corresponding  PGAs,  for  the  four  earthquake  simulations  listed  above. 
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(D)  Observed  Response  Discussion 


In  Figures  4.26  -  4.31,  the  displacement  response  histories  for  the  uniaxial  and  biaxial  25% 
simulations  can  be  seen  for  both  the  test  structure  and  the  finite  element  model.  The  firequency 
contents  of  the  response  histories  in  both  the  Abaqus  and  Drain-3DX  simulations  match  the  test 
data  very  well.  Also,  as  seen  in  Table  4.10,  the  maximum  relative  displacements  in  both 
directions  of  the  finite  element  analysis  match  the  test  data  fairly  well,  agreeing  to  within  5%  in 
the  X  direction  and  within  15%  in  the  Y  direction  for  the  Abaqus  simulations.  The  Drain-3DX 
simulations  do  not  match  quite  as  well  as  the  Abaqus  simulations,  but  are  still  very  close, 
agreeing  to  within  1 1%  in  the  X  direction  and  within  13%  in  the  Y  direction.  More  importantly, 
the  peak  displacements  appear  to  occur  in  the  same  time  region  for  both  the  finite  element  models 
and  the  test  structure.  In  visually  inspecting  the  response  plots,  it  is  apparent  that  the  damping 
characteristics  of  both  the  Abaqus  and  Drain-3DX  models  do  not  match  as  well  with  the  test 
structure  as  does  the  frequency  content.  In  computing  the  damping  ratios  of  the  test  structure 
using  the  sine  decay  tests,  the  test  structure  was  found  to  have  a  damping  ratio  0.50%  in  the  X 
direction  and  1.07%  in  the  Y  direction.  Thus,  although  both  damping  ratios  are  very  small,  the 
damping  in  the  Y  direction  is  twice  that  in  the  X  direction.  In  developing  the  finite  element 
model,  Abaqus  requires  damping  to  be  specified  as  a  material  property.  Thus,  if  damping  is 
specified  for  the  column  material,  the  columns  possess  that  damping  characteristic  throughout, 
irrespective  of  the  direction  of  motion.  Therefore,  Abaqus  does  not  allow  the  modeling  of 
different  damping  ratios  along  the  X  direction  and  the  Y  direction.  Drain-3DX  also  presents 
limitations  on  the  ability  to  define  damping.  A  viscous  damping  matrix  that  is  proportional  to  the 
element  stiffiiesses  and  nodal  masses  can  be  specified  for  the  structure  in  Drain-3DX.  Although 
the  stiffiiesses  are  different  for  the  X  and  Y  directions,  they  are  not  dissimilar  enough  to  produce 
the  different  damping  ratios  needed  for  some  configurations.  Because  it  was  impossible  to 
correctly  model  the  actual  damping  ratios  in  the  X  and  Y  directions,  a  compromise  was  found. 
This  resulted  in  a  damping  ratio  in  the  X  direction  that  was  larger  in  the  finite  element  models 
than  in  the  test  structure,  and  a  damping  ratio  in  the  Y  direction  that  was  smaller  in  both  models 
than  in  the  test  structure.  The  plots  in  Figure  4.26  of  the  displacement  response  histories  clearly 
illustrate  this  modeling  problem.  In  the  X  direction,  the  displacement  response  in  the  Abaqus 
model  is  damped  to  a  slightly  larger  degree  than  the  test  structure  displacement  response.  In  the 
Y  direction  plots,  the  displacement  response  in  the  Abaqus  model  is  damped  to  a  smaller  degree 
than  the  test  structure  displacement  response.  The  same  observations  can  be  made  in  the  Drain- 
3DX  plots  in  Figures  4.27  and  4.29. 
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In  Figure  4.32,  the  displacement  response  history  for  the  Y-Axis  100%  Abaqus  simulation  can  be 
seen  for  both  the  test  structure  and  the  finite  element  model,  using  a  combined 
isotropic/kinematic  hardening  model.  This  simulation  is  largely  inelastic,  achieving  a  peak 
displacement  of  nearly  3  times  the  yield  displacement.  The  structural  responses  during  the 
Abaqus  simulation  match  the  test  data  veiy  welt,  both  in  frequency  content  and  the  magnitudes 
and  locations  of  the  maximum  displacements.  As  seen  in  Table  4.10,  the  peak  displacements 
differ  by  less  than  2%.  In  Figure  4.33,  the  response  for  the  Y-Axis  100%  Drain-3DX  simulation 
can  be  seen  also.  The  hardening  mechanism  for  the  Drain-3DX  model  is  limited  to  isotropic 
hardening.  Despite  this,  the  Drain-3DX  simulation  responses  match  the  test  data  very  well.  As 
seen  in  Table  4.10,  the  peak  displacements  differ  by  about  4%.  Although  the  Y-Axis  response 
appeared  to  be  underdamped  in  the  25%  simulations,  it  does  not  appear  to  be  underdamped  for 
the  100%  simulation.  The  damping  modeling  problem  becomes  a  non-issue  for  the  inelastic 
cases,  as  the  damping  behavior  caused  by  yielding  of  the  structure  overwhelms  any  inherent 
elastic  damping  in  the  structure.  It  appears  that  using  Drain-3DX  and  its  less  sophisticated 
hardening  model  does  not  noticeably  impact  the  analysis  results  for  the  uniaxial  simulations.  The 
primary  benefit  to  using  Drain-3DX  is  that  with  a  simpler  model,  the  analysis  is  completed  in  a 
shorter  period  of  time.  For  this  simulation,  the  Drain-3DX  analysis  was  roughly  five  times  faster 
than  the  Abaqus  analysis. 

The  Abaqus  simulation  shown  in  Figure  4.32  utilizes  a  combined  nonlinear  isotropic/kinematic 
hardening  model,  as  described  in  Chapter  3.  For  the  hardening  model  for  this  simulation,  it  was 
assumed  that  the  isotropic  part  of  the  hardening  would  compose  30%  of  the  total  hardening.  This 
figure  was  chosen  through  calibration  to  the  response  of  the  symmetric  models  studied  in  this  and 
the  following  chapter.  During  this  calibration,  it  was  determined  that  the  ratio  of  isotropic 
hardening  to  kinematic  hardening  can  have  a  significant  impact  on  the  response  characteristics  of 
the  model.  The  lack  of  cyclic  tests  on  steel  specimens  from  the  test  structure  columns  makes  it 
difficult  to  evaluate  how  accurate  the  assumed  hardening  model  is,  although  it  was  based  on  other 
material  studies  of  A3  6  steel,  as  discussed  in  Chapter  3. 

Figures  4.34  -  4.36  show  the  same  simulation,  EQ  07,  performed  with  three  other  post-yield 
material  models.  The  post-yield  behavior  in  Figure  4.34  was  perfect  plasticity,  while  the 
simulation  in  Figure  4.35  utilized  isotropic  hardening  only  and  the  simulation  in  Figure  4.36 
utilized  kinematic  hardening  only.  This  allows  the  investigation  of  the  importance  of  a  material 
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hardening  model  in  accurately  predicting  structural  response.  As  seen  in  these  figures,  although 
the  combined  hardening  model  predicts  the  closest  response  to  the  true  deformation,  each  of  the 
other  post-yield  models  is  fairly  accurate  as  well.  As  can  be  seen  in  Appendix  C,  the  peak 
recorded  column  strains  for  EQ  07  were  about  0.0018  in/in,  while  the  yield  strain  for  the  column 
steel  was  about  0.001 1  in/in,  as  seen  in  Figure  4.22.  Because  the  strain  gages  were  placed  10 
inches  from  the  column  ends  for  this  configuration,  the  actual  peak  strains  in  the  columns  most 
likely  exceeded  the  strains  measured  by  the  strain  gages.  However,  it  is  still  apparent  that  the 
columns  strains  did  not  extend  significantly  into  the  inelastic  region.  This,  combined  with  the 
simulation  being  uniaxial,  contributed  significantly  to  the  result  that  all  four  post-yield  models 
were  fairly  accurate  in  predicting  the  structural  response. 


4.6  Summary  AND  Conclusions 


Two  of  the  primary  parameters  in  the  seismic  design  of  structures  are  the  Strength  Reduction 
Factor,  or  the  Response  Modification  Coefficient  R  as  termed  in  the  2000  NEHRP  Recommended 
Provisions  for  Seismic  Regulations,  and  the  Ductility  Factor  /A  or  the  Deflection  Amplification 
Factor  Cj  in  the  2000  NEHRP  Seismic  Provisions.  Structures  are  generally  designed  to  respond 
inelastically  to  strong-motion  earthquake  shaking.  However,  the  most  common  methods  used  for 
inelastic  design,  the  Equivalent  Lateral  Force  Procedure  and  the  Modal  Response  Spectrum 
Analysis  Procedure,  are  based  on  elastic  analysis.  Design  base  shears  are  reduced  by  the  Strength 
Reduction  Factor  from  the  minimum  strength  required  for  the  structure  to  remain  linearly  elastic 
during  the  design  earthquake.  The  reduced  base  shear  is  then  used  in  one  of  the  aforementioned 
elastic  analysis  methods  to  determine  the  resulting  deformation,  which  is  then  scaled  up 
accordingly  by  the  Ductility  Demand  to  accoimt  for  the  effects  on  the  deformation  of  the  inelastic 
behavior.  The  Strength  Reduction  Factor  and  the  Ductility  Factor  are  coefficients  that  are  chosen 
independently  of  any  torsional  irregularities  or  plan  asymmetries,  and  are  also  independent  of  the 
presence  of  uniaxial  or  biaxial  design  ground  motions  and  their  magnitudes. 

As  the  structure  used  in  this  study  has  not  been  explicitly  classified  according  to  its  Basic 
Seismic-Force-Resisting  System,  it  is  not  of  interest  to  evaluate  here  any  particular  value  for  the 
Strength  Reduction  Factor  or  the  Ductility  Factor.  Rather,  it  is  of  interest  to  study  the  ratio  JJ/R 
and  whether  it  is  influenced  by  different  groxmd  motions  and  plan  asymmetries.  The  ratio  jj/R  is 
influenced  by  the  fundamental  period  of  the  structure,  generally  decreasing  with  increasing 
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period.  Although  the  periods  of  the  test  structure  are  not  identical  from  configuration  to 
configuration,  they  do  not  change  enough  to  significantly  impact  the  ratio.  The  aforementioned 
ratio,  jj/R,  is  also  equal  to  ujue,  or  the  ratio  of  the  actual  peak  displacement  in  an  elastoplastic 
system  to  the  peak  displacement  in  the  corresponding  linear  system. 


With  respect  to  the  diagram  above,  R  and  fi  would  be  defined  as 

R^^  and  //  =  ^ 

Vy  ^ 

where  is  the  peak  value  of  the  base  shear  in  the  corresponding  linear  system.  But,  knowing 
that 

=  ku^  and  Vy  =  kUy 

where  k  is  the  lateral  stiffness  of  the  system,  we  can  also  define  R  as 


Using  this  definition  of  R,  we  can  define  the  ju/R  ratio  as 

H  _  u„ 

For  instance,  the  actual  peak  displacement  would  be  the  peak  recorded  displacement  in  EQ  07, 
the  first  inelastic  simulation  in  this  configuration.  The  peak  displacement  in  the  corresponding 
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linear  system  would  be  foimd  by  subjecting  a  structure  to  the  EQ  07  ground  motion,  while 
requiring  it  to  respond  elastically.  As  this  is  impractical,  the  peak  displacement  in  the 
corresponding  linear  system  can  instead  be  computed  using  the  peak  displacement  in  low-level, 
elastic  earthquake  simulation.  In  this  case,  the  low-level  simulation  that  would  correspond  to  EQ 
07  would  be  EQ  02,  the  25%  Y-Axis  Imperial  Valley  simulation.  The  aforementioned  peak 
displacement  in  the  corresponding  linear  system,  Ue,  can  be  computed  as 


u 


e 


^^^EQ02 


^EQ02 


where  eqo2  is  the  peak  displacement  in  EQ  02.  Incorporating  this  definition  of  allows  the 
jj/R  ratio  to  be  defined  as 


R 


u 


m 


P^^EQ02 


^EQ02 


^max-EQ02  j P^-^EQ02 


Because  is  the  peak  displacement  in  EQ  07,  or  u„ax-EQ07,  the  jii/R  ratio  can  be  written  as 

u^jPGA^QOj  _  I  PGAeqo7  _  Normalized  Displacement -EQOl 

R  ~  u„„^eqo2IRGAeqo2  u^_eqo2IRGAeqo2  Normalized  Displacement -EQOl 


Thus,  the  p/R  ratio  can  be  computed  as  the  ratio  of  the  normalized  peak  displacement  from  EQ 
07,  the  inelastic  simulation,  to  the  normalized  peak  displacement  from  EQ  02,  the  low-level 
simulation.  The  resulting  ratio  will  be  referred  to  as  the  Modified  p/R  Ratio.  The  Modified  p/R 
Ratio  for  EQ  07  is  0.77.  Since  there  is  only  one  inelastic  simulation  in  this  configuration,  the 
Modified  p/R  Ratio  for  EQ  07  will  be  compared  with  other  Modified  p/R  Ratios  in  the  following 
chapter. 


As  mentioned  previously,  this  structure  has  not  been  classified  according  to  its  seismic  force 
resisting  system,  thus  there  is  no  specific  target  value  for  the  Modified  p/R  Ratio.  The  2000 
NEHRP  Seismic  Provisions  does  provide  an  upper  and  lower  bound,  however,  for  the  Modified 
p/R  Ratio.  The  Modified  p/R  Ratio  is  0.86  for  an  Ordinary  Moment  Resisting  Frame  and  is  equal 
to  0.69  for  a  Special  Moment  Resisting  Frame.  Thus,  with  a  Ratio  of  0.77,  the  test  structure  falls 
within  the  expected  bounds.  One  factor  to  consider  when  interpreting  the  p/R  Ratio  for  EQ  07 
with  respect  to  those  specified  in  the  Seismic  Provisions  is  that  pipe  columns  were  used  in  this 
test  structure,  not  the  wide-flange  shapes  typically  found  in  earthquake-resistant  buildings.  The 
pipe  columns  possess  a  shape  factor  of  about  1.37,  as  compared  to  the  typical  shape  factor  for 
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wide-flange  shapes  of  about  1.1.  The  effect  of  the  larger  shape  factor  is  that  the  pipe  columns 
possess  a  greater  amount  of  reserve  strength  after  initial  yield,  which  also  reduces  the  rate  of 
stiffiiess  degradation  after  yield.  This  would  imply  that  the  peak  displacements  observed  during 
EQ  07,  and  consequently  the  Ratio,  would  be  smaller  than  those  expected  for  a  structure  with 
wide-flange  shape  columns.  As  the  ductility  factor  increases,  and  hence  the  amount  of  inelastic 
behavior  increases,  the  discrepancy  in  response  due  to  the  column  shape  factor  increases. 

The  time  history  analyses  performed  for  this  configuration  using  the  finite  element  programs 
Drain-3DX  and  Abaqus  were  accurate  in  their  predictions  of  the  structural  response.  With 
respect  to  the  low-level  linear  simulations,  both  lDrain-3DX  and  Abaqus  predicted  a  peak 
displacement  for  one  simulation  that  was  slightly  more  than  10%  different  from  the  test  data. 
However,  each  of  the  remaining  low-level  analytical  simulations  matched  the  test  data  very  well. 
Both  analysis  programs  were  very  accurate  with  regard  to  simulating  the  lone  inelastic  test.  Also, 
each  of  the  Abaqus  simulations  performed  with  different  strain-hardening  material  models  were 
equally  accurate  in  matching  the  test  data.  Thus,  it  appears  that  for  this  uniaxial  inelastic 
simulation,  the  Abaqus  analysis  offers  no  advantages  over  the  Drain-3DX  analysis  to  offset  its 
significantly  longer  computational  time.  Also,  it  appears  that  the  simple  elastic-perfectly  plastic 
material  model  is  sufficient  to  accurately  model  the  inelastic  response  of  EQ  07,  with  a 
displacement  ductility  of  about  2.5.  However,  if  this  configuration  were  subjected  to  a  larger 
ground  motion,  resulting  in  a  larger  displacement  ductility  and  a  greater  degree  of  inelastic 
behavior,  it  is  possible  that  the  material  model  and  analysis  program  would  be  more  significant  in 
accurately  modeling  the  experimental  response. 
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Mass 

[Ib*sVin] 

Mass  Centers  [in] 

Column  Properties 

X« 

■■ 

Z» 

A  [in^] 

I  [ini 

93.618 

0.0 

0.0 

68.798 

4.41 

9.61 

Modal  Frequencies  [Hz] 

Modal  Damping  [%] 

B 

e 

X 

B 

6 

Before  EQ  01 

3.565 

3.445 

6.515 

0.497 

1.074 

0.491 

Table  4.1  Test  Structure  Dynamic  Properties  -  Test  Configuration  1 
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Test  Designation 

Input  Motions 

WNTl 

White  Noise  X-Axis 

WNT2 

White  Noise  Y-Axis 

WNT3 

White  Noise  Yaw-Axis 

SINl 

Sine  Decay  X-Axis 

SIN2 

Sine  Decay  Y-Axis 

SIN3 

Sine  Decay  Yaw-Axis 

EQOl 

25%  X-Axis  Imperial  Valley 

EQ02 

25%  Y-Axis  Imperial  Valley 

EQ03 

25%  Biaxial  Imperial  Valley 

EQ04 

25%  X-Axis  Pacoima 

EQ05 

25%  Y-Axis  Pacoima 

EQ06 

25%  Biaxial  Pacoima 

SWPIO 

Sine  Sweep  X-Axis 

SWPll 

Sine  Sweep  Y-Axis 

SWP12 

Sine  Sweep  Yaw- Axis 

EQ07 

100%  Y-Axis  Imperial  Valley 

EQ08 

200%  Y-Axis  Imperial  Valley 

EQ09 

100%  Y-Axis  Imperial  Valley 

EQIO 

150%  Y-Axis  Imperial  Valley 

EQll 

150%  Y-Axis  Imperial  Valley 

Table  4.2  Earthquake  Simulations  and  Dynamic  Characterization  Tests  -  Test  Configuration  1 


146 


Ductility 

•a 

< 

N/A 

N/A 

< 

:z; 

< 

z 

Y-Axis 

910 

0.79 

0.83 

2.48 

X-Axis 

1.12 

00 

o 

d 

1.03 

cn 

d 

Normalized 
Displacement  [in/g] 

Y-Axis 

N/A 

2.39 

2.55 

1.79 

X-Axis 

9VZ 

N/A 

2.03 

4.14 

Rotation 
[10'^  rad] 

Z-Axis 

0.23 

a\ 

d 

890 

00 

d 

Relative 

Displacement  [in] 

Y-Axis 

0.076 

0.387 

00 

O 

d 

1.215 

X-Axis 

0.515 

0.037 

0.472 

0.058 

s 

< 

o 

Pm 

Y-Axis 

N/A 

Z9V0 

0910 

0.678 

X-Axis 

0.238 

N/A 

0.232 

< 

Z 

Input  Motions 

25%  X-Axis 

25%  Y-Axis 

25%  Biaxial 

100%  Y-Axis 

Earthquake 
Test  No, 

- 

CN 

m 

r- 
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[ksil  =  29000.0 
Stress  [ksi] 
0.00000 

37.50000 
39.60000 
40.70000 
49.00000 
54.00000 

56.50000 
57.80000 

58.50000 
59.00000 
57.00000 


Strain  [in/in] 
0.00000 
0.00108 
0.00300 
0.00500 
0.02000 
0.04000 
0.06000 
0.08000 
0.10000 
0.15000 
0.20000 


Plastic  Strain  [in/in] 


0.000000 

0.001863 

0.003831 

0.018593 

0.038449 

0.058378 

0.078340 

0.098320 

0.148306 

0.198363 


Table  4.8  Abaqus  Stress-Strain  Best-Fit  Material  Model  -  Test  Configuration  1 


E  [ksil  =29000.0 


Stress  [ksi] 

Strain  [in/in] 

0.00000 

0.00000 

37.50000 

0.001293 

39.60000 

0.003000 

49.00000 

0.020000 

56.50000 

0.060000 

58.50000 

0.100000 

Table  4.9  Drain-3DX  Stress-Strain  Best-Fit  Material  Model  -  Test  Configuration  1 


Figure  4. 1  Perspective  View  of  Test  Configuration  Model  1 
4  -  4”  Extra-Strong  Columns 
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Figure  4.7  Force  vs.  Displacement  and  Torsional  Moment  vs.  Rotation  -  EQ  03 
25%  Biaxial  Imperial  Valley  -  Symmetric  Mass 
Four  4”  Extra-Strong  Columns 
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Figure  4.9  Force  vs.  Displacement  and  Torsional  Moment  vs.  Rotation  -  EQ  07 
100%  Y-Axis  Imperial  Valley  -  Symmetric  Mass 
Four  4”  Extra-Strong  Columns 
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Figure  4. 10  Force-Deformation  Response  ~  Test  Configuration  1 
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Figure  4.12  Elastic  Response  Spectra  -  EQ  01  -  25%  X-Axis  Imperial  Valley  Groimd  Motion 
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Figure  4.21  Fracture  at  Column  and  Column  Base  Plate 
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Figure  4.28  Abaqus  Analytical  Displacement  vs.  Time  -  EQ  02  -  25%  Y-Axis  Imperial  Valley 
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Figure  4.30  Abaqus  Analytical  Displacement  vs.  Time  -  EQ  03  -  25%  Biaxial  Imperial  Valley 
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Figure  4.3 1  Drain-3DX  Analytical  Displacement  vs.  Time  -  EQ  03  -  25%  Biaxial  Imperial  Valley 
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Figure  4.33  Drain-3DX  Analytical  Displacement  vs.  Time  -  EQ  07  -  100%  Y-Axis  Imperial  Valley 
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Figure  4.35  Abaqus  Analytical  Displacement  vs.  Time  -  EQ  07  -  100%  Y-Axis  Imperial  Valley  -  Isotropic  Material  Hardening 
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CHAPTER  5 

EXPERIMENTAL  AND  ANALYTICAL  RESPONSE  OF 
TEST  CONFIGURATION  2 


This  chapter  provides  a  summary  of  the  experimental  test  data  and  the  finite  element  analysis 
results  of  Test  Configuration  2.  The  second  configuration,  as  seen  in  Figure  5.1,  featured  the 
masses  loaded  symmetrically  on  the  diaphragm,  and  four  4”  Extra-Strong  Columns.  The 
dynamic  properties  of  the  test  structure  in  Test  Configuration  2  are  shown  in  Table  5.1. 

Six  earthquake  simulations  were  performed  with  this  test  configuration,  with  the  only  difference 
during  each  simulation  being  the  set  of  input  ground  motions.  Although  six  simulations  were 
performed,  only  five  will  be  discussed  here.  After  the  fifth  simulation,  the  structure  had 
experienced  two  highly  inelastic  tests,  and  the  accumulated  damage  was  significant  enough  to 
make  any  data  analysis  difficult.  Thus,  EQ  12  -  EQ  16  are  the  five  earthquake  simulations  that 
will  be  discussed  in  this  chapter.  Characterization  tests  also  were  performed  to  determine  the 
dynamic  properties  of  the  model,  as  described  in  Chapter  2.  The  complete  test  sequence  for  Test 
Configuration  2  is  shown  in  Table  5.2. 

The  first  three  earthquake  simulations,  EQ  12  with  25%  X-Axis  only  [PGAx  =  0.250  g],  EQ  13 
with  25%  Y-Axis  only  [PGAy  =  0.168  g],  and  EQ  14  with  25%  Biaxial  input  motions  [PGAx  = 
0.248  g  and  PGAy  =  0. 170  g],  were  intended  to  produce  elastic  behavior  only.  During  the 
simulations,  the  structure  slightly  exceeded  the  yield  displacement  in  the  X  direction  during  EQ 
12  and  EQ  14.  The  fourth  simulation,  EQ  15,  using  100%  Biaxial  input  motions  [PGAx  =  1080 
g  and  PGAy  =  0.699  g],  was  the  initial  test  with  significant  inelastic  response  along  both  axes  for 
this  configuration.  Subsequently,  an  additional  test  was  performed,  EQ  16,  in  which  150% 
Biaxial  input  motions  were  used  [PGAx  =  1.582  g  and  PGAy  =  1.141  g].  This  final  test  therefore 
featured  not  only  inelastic  behavior,  but  also  pre-existing  damage  in  the  model  columns. 

This  chapter  summarizes  response  data  of  the  test  structure  during  the  earthquake  simulations  and 
the  dynamic  characterization  tests.  Summaries  of  test  model  accelerations,  displacements, 
torsional  moments,  overturning  moments,  column  end  moments,  and  base  shears  are  provided. 
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5.1  Observed  Structural  Response 


The  diaphragm  acceleration  and  displacement  time  history  responses  for  the  25%  X-Axis 
simulation  are  shown  in  Figure  5.2.  The  base  shear  vs.  displacement  and  torque  vs.  rotation  are 
shown  in  Figure  5.3.  Similar  responses  for  the  25%  Y-Axis  simulation  are  shown  in  Figures  5.4 
and  5.5.  Results  for  the  25%  Biaxial  simulation  are  shown  in  Figures  5.6  and  5.7.  The  responses 
for  the  100%  Biaxial  simulation  are  shown  in  Figmes  5.8  and  5.9.  Results  for  the  150%  Biaxial 
simulation  are  shown  in  Figures  5.10  and  5.1 1. 

Tables  5.3  -  5.7  list  the  peak  recorded  diaphragm  relative  displacements  and  peak  diaphragm 
accelerations,  and  corresponding  PGA  for  each  of  the  five  earthquake  simulations  performed  in 
this  test  configuration.  Also  listed  are  the  maximum  base  shears,  maximum  torsional  moments, 
maximum  overturning  moments,  maximum  column  end  moments  for  each  column,  and 
maximum  column  end  shears  for  each  column. 


5.2  Observed  Response  Discussion 


The  calculated  force-deformation  behavior  of  the  structure  in  the  X  and  Y  directions  and  about 
the  Z-Axis  is  shown  in  Figures  5.12  and  5.13.  Again  the  model  structure  has  slightly  different 
natural  frequencies  in  the  X  and  Y  directions  despite  apparent  symmetry,  resulting  in  different 
force-deformation  behavior  along  each  axis.  In  the  X  direction,  the  model  has  a  yield 
displacement  of  0.45  inches  at  a  yield  force  of  21.35  kips.  In  the  Y  direction,  the  model  has  a 
yield  displacement  of  0.49  inches  at  a  yield  force  of  2 1 .35  kips.  The  model  has  a  yield  rotation  of 
0.0064  radians  at  a  yield  moment  of  1457  kip*inches.  In  Figure  5.14,  the  structural  force- 
deformation  behavior  shown  in  Figures  5. 12  and  5.13  is  compared  with  the  maximum  force- 
deformation  response  from  each  of  the  earthquake  simulations  in  this  test  configuration.  Elastic 
response  spectra  of  the  recorded  table  motions  for  EQ  12  -  EQ  15  are  shown  in  Figures  5.15  - 
5.18,  respectively.  The  modal  frequencies  for  this  configuration  with  respect  to  the  response 
spectra  are  indicated  in  Figures  5.15  -  5.18  as  well. 

The  first  earthquake  simulation  for  this  configuration,  EQ  12,  features  25%  Imperial  Valley  input 
motion  in  the  X-Axis  only  [PGAx  =  0.250  g].  Time  history  plots  of  the  structural  response  are 
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shown  in  Figure  5.2.  The  peak  displacements  of  the  structure  were  0.492  inches  in  the  X 
direction,  0.050  inches  in  the  Y  direction,  and  0.33  x  10'^  radians  about  the  Z-Axis.  The  peak 
displacement  predicted  hy  static  analysis,  using  the  elastic  response  spectrum,  is  0.484  inches 
along  the  X-Axis,  with  no  displacement  predicted  along  the  Y-Axis  or  about  the  Z-Axis.  Thus, 
the  Y-Axis  displacement  and  rotation  indicate  that  the  structural  response  for  this  simulation 
remained  elastic,  while  the  X-Axis  response  was  slightly  inelastic.  The  peak  base  shears  are 
23.80  kips  in  the  X  direction,  2.70  kips  in  the  Y  direction,  and  28.65  kip*inches  about  the  vertical 
axis.  The  peak  base  shear  in  the  X  direction  is  greater  than  the  yield  shear,  21.35  kips,  while  the 
peak  base  shear  in  the  Y  direction  is  less  than  the  yield  shear.  The  peak  moment  is  less  than  the 
torsional  yield  moment,  1457  kip*inches.  The  base  shear  vs.  displacement  plots  are  both  tight 
and  linear,  as  shown  in  Figure  5.3,  and  the  structure  exhibits  no  permanent  deformation.  The 
apparent  elastic  response  in  the  shear  vs.  displacement  plot  for  the  X-Axis,  despite  the  structure 
exceeding  the  yield  displacement,  arises  from  the  very  gradual  decrease  in  stiffness  of  the 
structure  after  initial  yield,  as  seen  in  Figure  5.13.  Also,  although  the  input  motion  for  EQ  12  was 
along  the  X-Axis  only.  Figure  5.2  shows  that  the  structure  did  have  a  displacement  response  in 
the  Y-Axis.  Although  torsional  motion  is  not  expected  with  complete  mass  symmetry.  Figure  5.2 
indicates  that  it  is  present.  The  Y-Axis  and  torsional  motions  were  most  likely  resonance 
motions,  a  product  of  the  shaketable  control  problem  discussed  in  Chapters  3  and  4. 

In  EQ  13  the  model  is  subjected  to  a  25%  Y-Axis  input  motion  [PGAy  =  0.168  g].  Time  history 
plots  of  the  structural  response  are  shown  in  Figure  5.4.  The  peak  displacements  of  the  structure 
were  0.344  inches  in  the  Y  direction,  0.022  inches  in  the  X  direction  and  0.41  x  10'^  radians  about 
the  Z-Axis.  The  peak  displacement  predicted  by  static  analysis  is  0.317  inches  in  the  Y  direction, 
with  no  displacements  predicted  along  the  X-Axis  or  about  the  Z-Axis.  Thus,  the  structural 
response  for  this  simulation  remained  elastic.  In  EQ  13,  a  torsional  effect  is  not  expected,  and  it 
appears  from  Figure  5.4  that  the  measured  rotation  is  similar  to  the  rotation  observed  in  EQ  12. 
Also,  Figure  5.4  seems  to  indicate  that  the  measured  X-Axis  displacement  is  a  vibratory  response 
similar  to  that  seen  along  the  Y-Axis  in  EQ  12.  The  peak  base  shears  are  15.37  kips  in  the  Y 
direction  are  1.07  kips  in  the  X  direction,  and  the  peak  torsional  moment  is  54.02  kip*inches. 
Figure  5.5  shows  the  base  shear  vs.  displacement  plots  and  torsional  moment  vs.  rotation  plot, 
which  are  tight  and  linear. 

The  third  earthquake  simulation  for  this  configuration,  EQ  14,  features  25%  Imperial  Valley  input 
motion  along  both  the  X-Axis  and  Y-Axis  [PGAx  =  0.248  g  and  PGAy  =  0.170  g].  Time  history 
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plots  of  the  structural  response  are  shown  in  Figure  5.6.  The  peak  displacements  of  the  structure 
were  0.480  inches  in  the  X  direction,  0.352  inches  in  the  Y  direction,  and  a  peak  rotation  of  0.78 
X  10'^  radians.  Static  analysis  predicts  0.515  inches  along  the  X-Axis,  0.333  inches  along  the  Y- 
Axis,  and  no  rotation.  Thus,  the  displacements  and  rotation  indicate  that  the  structural  response 
for  this  simulation  remained  elastic  torsionally  and  along  the  Y-Axis,  but  was  inelastic  along  the 
X-Axis.  The  structure  underwent  no  permanent  deformation  along  either  axis.  As  for  the 
previous  test,  this  can  be  attributed  to  the  very  gradual  decrease  in  the  stif&iess  of  the  structure 
after  initial  yield,  as  seen  in  Figure  5.13.  Bearing  this  out  are  the  base  shear  vs.  displacement 
plots  and  torsional  moment  vs.  rotation  plot  in  Figure  5.7,  which  are  all  tight  and  linear, 
apparently  indicating  very  minor  yielding.  The  peak  base  shears  are  22.83  kips  in  the  X 
direction,  15.85  kips  in  the  Y  direction,  and  60.17  kip*inches  about  the  vertical  axis.  The  peak 
base  shear  in  the  X  direction  is  greater  than  the  yield  shear,  21.35  kips,  while  the  peak  base  shear 
in  the  Y  direction  is  slightly  less  than  the  yield  shear.  The  peak  moment  is  less  than  the  torsional 
yield  moment,  1457  kip*inches. 

As  EQ  12  -  14  are  very  close  to  linearly  elastic  in  response,  the  displacement  response  of  the 
structure  in  EQ  14  should  theoretically  be  equal  to  the  sum  of  the  responses  from  EQ  12  and  EQ 
13.  In  comparing  EQ  14  with  EQ  12,  the  addition  of  the  25%  Y-Axis  input  motion  results  in  little 
change  in  the  X-Axis  response  of  the  diaphragm,  as  the  peak  displacement  and  base  shear  are 
0.492  inches  and  23.80  kips  for  EQ  12  and  0.480  inches  and  22.83  kips  for  EQ  14.  The  peak 
displacement  response  is  slightly  smaller  for  EQ  14  than  EQ  12,  which  is  consistent  with  the  fact 
that  the  PGA  in  the  X  direction  is  slightly  smaller  for  EQ  14,  0.248  g,  than  for  EQ  12,  0.250  g.  In 
comparing  EQ  14  with  EQ  13,  the  addition  of  the  25%  X-Axis  input  motion  results  in  little 
change  in  the  Y-Axis  response  of  the  diaphragm,  as  the  peak  displacement  and  base  shear  are 
0.344  inches  and  15.37  kips  for  EQ  13  and  0.352  inches  and  15.85  kips  for  EQ  14.  The  peak 
displacement  response  is  slightly  larger  for  EQ  14  than  EQ  13,  which  is  consistent  with  the  fact 
that  the  PGA  in  the  Y  direction  is  slightly  larger  for  EQ  14,  0.170  g,  than  for  EQ  13,  0.168  g. 
Further,  when  noting  that  the  Y-Axis  response  m  EQ  12  and  the  X-Axis  response  in  EQ  13  are  a 
free  vibration  resonant  response,  it  follows  that  these  peak  responses  would  not  be  accounted  for 
in  computing  the  peak  responses  of  EQ  14,  as  those  peak  responses  occur  during  forced  vibration. 
The  rotational  response  in  EQ  14  can  also  be  seen  in  Table  5.3  to  be  very  close  to  the  sum  of  the 
rotational  responses  in  EQ  12  and  EQ  13.  Thus,  the  experimental  response  of  the  structure  for 
this  test  configuration  conforms  to  the  expected  linear  behavior  very  well. 
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In  EQ  15,  the  first  test  in  this  configuration  that  features  inelastic  response,  the  model  structure  is 
subjected  to  100%  Imperial  Valley  input  motion  along  both  the  X-Axis  and  Y-Axis  [PGAx  = 
1.080  g  and  PGAy  =  0.699  g].  Time  history  plots  of  the  structural  response  are  shown  in  Figure 
5.8.  The  peak  displacements  of  the  structure  were  2.86  inches  in  the  X  direction  and  1.24  inches 
in  the  Y  direction,  with  a  peak  rotation  of  2.85  x  10‘^  radians.  Thus,  the  structure  achieved  a 
ductility  of  6.2  in  the  X  direction  and  2.6  in  the  Y  direction  for  this  test.  Although  the  rotational 
response  was  less  than  the  yield  rotation,  which  is  not  surprising  with  mass  symmetry,  the 
response  was  not  insignificant,  as  it  was  nearly  half  of  the  yield  rotation.  With  no  asymmetry 
present,  the  cause  of  the  rotational  response  is  possibly  again  the  table  control  problem.  Although 
the  table  was  being  driven  along  both  horizontal  axes,  it  was  also  moving  torsionally.  However, 
each  column  participates  in  the  seismic  resistance  of  the  stmcture  in  each  of  the  three  directions 
of  motion.  As  a  result  of  the  phase  of  each  motion,  the  effective  instantaneous  stiffiiesses  of  the 
columns  may  be  different  and  less  than  their  elastic  stiffnesses.  This  will  lead  to  torsional  motion 
of  the  structure  as  any  yielding  of  the  columns  in  the  X  or  Y  directions  will  reduce  the  torsional 
stiffness  of  the  stmcture  and  shift  the  center  of  rigidity  causing  a  stiffness  eccentricity.  The  peak 
base  shears  are  38.17  kips  in  the  X  direction  and  32.91  kips  in  the  Y  direction.  Thus,  the  base 
shears  verify  the  inelastic  response,  but  they  also  demonstrate  the  overstrength  of  the  stmcture,  as 
the  peak  shears  are  both  nearly  twice  the  yield  shears.  Figure  5.9  shows  the  base  shear  vs. 
displacement  plots  and  torsional  moment  vs.  rotation  plot.  The  base  shear  vs.  displacement  plots 
are  no  longer  tight  and  linear,  but  now  are  taking  on  a  fuller  shape. 

The  normalized  acceleration  response  of  the  diaphragm  is  shown  in  Table  5.4.  In  EQ  14,  with 
25%  Biaxial  input  motions,  the  normalized  acceleration  response  of  the  diaphragm  is  2.54  in  the 
X  direction  and  2.58  in  the  Y  direction.  The  input  ground  motions  are  increased  by 
approximately  a  factor  of  4  in  EQ  28,  but  the  acceleration  response  of  the  diaphragm  only 
increases  by  about  1.7  in  the  X  direction  and  2.1  in  the  Y  direction.  Thus,  the  normalized 
acceleration  response  of  the  diaphragm  decreases  to  0.98  in  the  X  direction  and  1 .30  in  the  Y 
direction.  Also,  although  the  input  motions  are  increased  by  a  factor  of  approximately  4,  the 
angular  acceleration  response  of  the  diaphragm  increases  fi-om  EQ  14  to  EQ  15  by  a  little  more 
than  2.  Both  of  these  trends  verify  the  expected  inelastic  behavior  of  the  stmcture  in  EQ  15. 

The  final  earthquake  simulation  for  this  configuration,  EQ  16,  features  150%  Imperial  Valley 
input  motion  along  both  the  X-Axis  and  Y-Axis  [PGAx  =  1.582  g  and  PGAy  =  1.141  g].  Time 
history  plots  of  the  stmctural  response  are  shown  in  Figure  5.10.  The  peak  displacements  of  the 


structure  were  5.41  inches  in  the  X  direction  and  4.3 1  inches  in  the  Y  direction,  with  a  peak 
rotation  of  5.35  x  10'^  radians.  Thus,  the  structure  achieved  a  ductility  of  1 1.9  in  the  X  direction 
and  8.8  in  the  Y  direction  for  this  test.  The  peak  base  shears  were  42.84  kips  in  the  X  direction 
and  39.84  kips  in  the  Y  direction.  The  peak  torsional  moment  is  roughly  one-tenth  of  the  yield 
moment,  however,  the  peak  rotation  of  the  structure  is  very  close  to  the  yield  rotation.  This  is 
again  a  result  of  the  instantaneous  stif&iesses  of  the  colunms  in  each  direction  potentially  being 
different  and  less  than  their  elastic  stiffiiesses,  due  to  the  phase  of  each  of  the  response  motions 
and  the  resulting  inelastic  column  behavior.  This  response  behavior  can  be  clearly  observed  in 
Figure  5.14,  which  compares  the  actual  peak  force-displacement  behavior  of  the  structxare 
throughout  all  of  the  simulations  in  this  configuration,  termed  a  backbone  curve,  to  the  force- 
deformation  behavior  found  through  pushover  analyses.  The  backbone  curves  and  pushover 
curves  for  the  X-Axis  and  Y-Axis  match  well,  while  for  the  Z-Axis,  a  significant  difference  exists 
between  the  two.  If  an  ostensibly  symmetric  structure  can  come  close  to  achieving  a  peak 
rotation  equal  to  the  yield  rotation,  it  seems  reasonable  that  this  behavior  will  be  even  more 
significant  when  analyzing  an  asymmetric  structure,  such  as  in  subsequent  test  configurations. 

The  base  shears  in  EQ  16  are  approximately  10%  larger  in  the  X  direction  and  20%  larger  in  the 
Y  direction  than  those  in  EQ  15,  despite  the  fact  that  the  input  motions  have  been  increased  by 
50%.  This  is  also  indicative  of  inelastic  behavior,  as  the  base  shears  would  be  expected  to 
increase  proportionally  to  the  input  motions  if  the  response  remained  elastic.  With  EQ  16,  as 
shown  in  Figure  5.1 1,  the  base  shear  vs.  displacement  hysteresis  plots  exhibit  a  very  full,  smooth 
shape.  Substantially  more  inelastic  energy  dissipation  was  observed  for  this  test  than  for  EQ  15. 
Contrary  to  EQ  12  -  14,  a  small  amount  of  residual  displacement  is  evident  after  EQ  15,  as  seen 
in  Figure  5.8.  The  permanent  displacement  increases  substantially  in  EQ  16,  as  seen  in  Figure 
5.10. 

The  displacement  response  of  the  diaphragm  divided  by,  or  normalized  by,  the  peak  ground 
acceleration  (PGA)  is  shown  in  Table  5.3.  In  EQ  14,  with  25%  Biaxial  input  motions,  the  relative 
displacement  of  the  diaphragm  is  1 .94  in/g  in  the  X  direction,  and  2.07  in/g  in  the  Y  direction. 

The  input  ground  motions  are  increased  to  100%  Biaxial  in  EQ  15,  but  the  normalized 
displacement  increases  slightly  in  the  X  direction  to  2.65  in/g  and  decreases  slightly  in  the  Y 
direction  to  1 .77.  Also,  in  moving  from  EQ  14  to  EQ  15,  the  diaphragm  rotation  increases  on  a 
relatively  proportional  level  with  the  input  motion  increase.  In  EQ  16,  the  input  motions  are 
increased  to  150%  Biaxial,  and  the  normalized  displacement  response  of  the  diaphragm  is  3.42  in 
the  X  direction  and  3.78  in  the  Y  direction.  Thus,  in  EQ  16  the  normalized  displacements  have 
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increased  significantly  from  those  in  EQ  15.  Also,  the  maximum  rotation  nearly  doubles  from 
EQ  15  to  EQ  16,  while  the  input  motions  increase  by  only  50%.  Thus,  the  normalized 
deformation  response  decreases  as  the  period  of  the  structure  increases  in  moving  to  inelastic 
behavior,  from  EQ  14  to  EQ  15,  and  then  the  normalized  displacements  increase  as  the  period  of 
the  structure  increases  further.  Although  not  predictable,  this  behavior  is  not  inconsistent  with  the 
deformation  response  spectra  for  this  configuration,  shown  in  Figure  5.18. 


5.3  Dynamic  Characterizations  of  the  Model 

Prior  to  performing  any  shaketable  simulations  using  the  earthquake  input  motions,  white  noise, 
sine  sweep,  and  sine  decay  tests  were  performed,  as  discussed  in  Chapter  3.  This  general  pattern 
was  followed  for  Test  Configuration  2,  as  can  be  seen  in  Table  5.2.  In  addition,  white  noise  tests 
were  performed  immediately  after  both  earthquake  simulations  exhibiting  inelastic  behavior,  EQ 
16  andEQ  17. 

The  dynamic  properties  of  the  test  structure,  as  measured  before  EQ  12  and  after  EQ  17,  are 
shown  in  Table  5.1.  Three  modal  frequencies,  corresponding  to  the  first  mode  in  each  of  the 
three  degrees-of-freedom,  dominate  the  structural  response.  Also,  the  damping  ratio  of  the  test 
structure  for  all  three  degrees-of-fi'eedom  is  below  one  percent,  which  is  consistent  with  the 
damping  ratios  of  the  first  test  configuration.  The  results  in  Table  5.1  indicate  that  due  to  the 
inelastic  behavior  in  EQ  16  and  EQ  17,  some  permanent  softening  of  the  structure  did  take  place. 
The  damping  also  increased  noticeably  by  the  end  of  the  final  simulation.  The  structure 
experienced  a  significant  amount  of  inelastic  behavior  during  the  final  two  simulations,  which 
most  likely  began  to  produce  micro-cracking  at  the  coliunn-base  plate  welded  interface. 


5.4  Observed  Condition  of  the  Structure 

For  Test  Configuration  2,  fi-acture  occurred  in  the  column-to-plate  welded  joint  during  EQ  17. 
The  southeast  and  southwest  columns  both  fractured  near  the  column  tops,  and  all  four  columns 
fractured  near  the  column  bottoms.  In  observing  the  structure  condition  after  EQ  15,  the 
formation  of  plastic  hinges  near  the  tops  and  bottoms  of  the  columns  was  becoming  discemable. 
Following  the  completion  of  EQ  16,  permanent  plastic  damage  in  the  columns  was  evident,  with 
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the  locations  of  the  plastic  hinges  in  the  columns  becoming  very  clear.  Figure  5.19  is  a 
photograph  of  the  test  structure  taken  before  the  earthquake  simulations  were  performed.  Figures 
5.20  and  5.21  are  photographs  of  the  test  structure  taken  after  the  final  earthquake  simulation  in 
this  configuration,  EQ  16,  illustrating  the  inelastic  behavior  and  permanent  damage  of  the 
structure.  Figure  5.22  also  shows  the  formation  of  plastic  hinges  near  the  top  and  bottom  of  the 
northeast  column.  Figure  5.23  shows  the  column  fi-acture  at  the  bottom  one  of  the  columns  after 
EQ17. 

5.5  Finite  Element  Analysis 

In  modeling  the  behavior  of  the  test  structure,  the  nonlinear  finite  element  analysis  programs 
Abaqus  and  Drain-3DX  were  employed.  During  the  earthquake  simulations  employing  the  larger 
scale  input  motions,  the  structural  response  exhibits  both  geometric  and  material  nonlinearities, 
both  of  which  Abaqus  and  Drain-3DX  can  model.  A  more  complete  discussion  of  the  applicable 
features  of  Abaqus  and  Drain-3DX  is  presented  in  Chapter  3.  Also,  some  aspects  of  the  finite 
element  model,  such  as  the  modeling  of  the  diaphragm  as  a  rigid  component,  are  common 
throughout  each  test  configuration,  and  are  discussed  more  completely  in  Chapter  3. 


(A)  Pipe  Column  Material  Model 

The  pipe  columns  used  in  Test  Configuration  2,  as  well  as  those  used  in  Test  Configurations  1,  3, 
and  4  were  produced  from  the  same  batch  of  raw  pipe  column  lengths.  The  material  models  of 
the  pipe  columns  in  these  four  test  configurations  were  based  on  stress-strain  data  produced 
during  the  tension  tests  performed  on  each  coupon.  Both  the  original  stress-strain  data  recorded 
during  the  coupon  tension  tests,  and  the  best-fit  material  model  used  in  the  finite  element  analyses 
are  shown  in  Figure  5.24  for  Abaqus  and  in  Figure  5.25  for  Drain-3DX.  Shown  in  Table  5.8  are 
the  numerical  stress-strain  best-fit  Abaqus  model  data.  Shown  in  Table  5.9  are  the  numerical 
stress-strain  best-fit  Drain-3DX  model  data. 
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(B)  Finite  Element  Model 


The  Abaqus  and  Drain-3DX  finite  element  models  employed  to  analyze  the  behavior  of  Test 
Configuration  2  are  shown  in  Figures  5.26  and  5.27,  respectively.  Beyond  the  features  of  the 
finite  element  model,  which  are  common  throughout  each  test  configuration  and  are  discussed  in 
Chapter  3,  these  figures  illustrate  the  location  and  magnitudes  of  the  nodal  masses  and  the  height 
of  the  Non-Rigid  Links.  For  the  Abaqus  model,  the  nodal  masses  placed  at  each  of  the  four 
comers  of  the  diaphragm  have  a  magnitude  of  2.941  lb*s^/in.  The  interior  nodal  masses  each 
have  a  magnitude  of  20.270  lb*sMn.  The  height  of  the  finite  element  model  diaphragm  in  this 
test  configuration  is  69.123  inches,  which  thus  produces  a  length  of  9.123  inches  for  each  of  the 
four  Non-Rigid  Links.  Figure  5.27  illustrates  the  location  and  magnitudes  of  the  nodal  masses 
and  the  height  of  the  Non-Rigid  Links  for  the  Drain-3DX  model.  The  nodal  masses  placed  at  the 
four  diaphragm  comers  have  magnitudes  of  2.994  lb*sVin.  The  interior  nodal  masses  each  have  a 
magnitude  of  20.41 1  lb*s^/in.  The  height  of  the  finite  element  model  diaphragm  is  68.798  inches, 
which  results  in  a  length  of  8.798  inches  for  the  Non-Rigid  Links. 


(c)  Observed  Response 

The  relative  displacement  of  the  diaphragm  along  the  X-  and  Y-Axis  and  the  rotation  of  the 
diaphragm  about  the  Z-Axis  were  chosen  as  the  response  quantities  used  to  compare  the  accuracy 
of  the  finite  element  simulations.  Displacement  histories  for  both  Abaqus  and  Drain-3 DX 
analyses  along  the  X-  and  Y-Axis,  where  appropriate,  are  provided  for  the  25%  X-Axis 
simulation  [PGAx  =  0.250  g]  in  Figures  5.28  and  5.29,  for  the  25%  Y-Axis  simulation  [PGAy  = 
0.168  g]  in  Figures  5.30  and  5.31,  and  for  the  25%  Biaxial  simulation  [PGAx  =  0.248  g  and 
PGAy  =  0.170  g]  in  Figures  5.32  and  5.33.  Displacement  histories  along  the  X-  and  Y-Axis  and 
rotation  histories  about  the  Z-Axis  are  provided  for  the  100%  Biaxial  simulation  [PGAx  =  1.080  g 
and  PGAy  =  0.699  g]  in  Figures  5.34  -  5.37,  and  for  the  150%  Biaxial  simulation  [PGAx  =  1-582 
g  and  PGAy  =1.141  g]  in  Figures  5.38  -  5.44.  The  150%  Biaxial  simulation  was  performed 
using  four  different  post-yield  material  models:  perfect  plasticity,  isotropic  hardening,  kinematic 
hardening,  and  combined  isotropic/kinematic  hardening.  Table  5.10  lists  the  maximum  peak 
relative  displacements  in  the  X  and  Y  directions  and  the  peak  rotation,  and  the  corresponding 
PGAs,  for  the  five  earthquake  simulations  hsted  above.  The  150%  Biaxial  simulation  time 
histories  using  the  perfect  plasticity,  isotropic  hardening,  and  kinematic  hardening  models  are 
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provided  for  qualitative  purposes  only,  and  as  such  the  peak  relative  displacements  are  not 
provided  in  Table  5.10. 

(D)  Observed  Response  Discussion 

In  Figures  5.28  -  5.33,  the  displacement  response  histories  for  the  uniaxial  and  biaxial  25% 
simulations  can  be  seen  for  both  the  test  structure  and  the  finite  element  model.  The  frequency 
contents  of  the  response  histories  in  both  the  Abaqus  and  Drain-3DX  simulations  match  the  test 
data  very  well.  As  seen  in  Table  5.10,  the  maximum  relative  displacements  in  both  directions  of 
the  Abaqus  finite  element  analysis  match  the  test  data  fairly  well,  agreeing  to  within  about  6%  in 
both  directions.  The  Drain-3DX  simulations  also  match  the  test  data  well,  with  differences  in 
both  directions  of  about  13%.  As  with  Test  Configuration  1,  however,  the  maximum 
displacements  do  not  match  the  test  data  as  well  as  do  those  for  the  Abaqus  simulations.  With 
both  the  Abaqus  and  Drain-3DX  models,  the  peak  displacements  appear  to  occur  in  the  same  time 
region  for  both  the  finite  element  model  and  the  test  structure.  For  this  test  configuration,  the 
damping  ratios  of  the  test  structure  were  0.60%  in  the  X  direction  and  0.64%  in  the  Y  direction. 
Thus,  with  the  damping  in  this  test  configuration,  the  inability  to  specify  the  damping  in  each 
direction  independently  was  not  as  significant  a  problem  as  with  the  previous  test  configuration. 

In  Figures  5.34  and  5.35,  the  displacement  and  rotation  response  histories  for  EQ  15  can  be  seen 
for  both  the  test  structure  and  the  finite  element  model,  using  a  combined  isotropic/kinematic 
hardening  model.  This  simulation  is  largely  inelastic,  achieving  a  peak  displacement  of  nearly  3 
times  the  yield  displacement  in  the  Y  direction  and  nearly  7  times  the  yield  displacement  in  the  X 
direction.  For  the  displacements,  the  frequency  contents  of  the  response  histories  in  the  Abaqus 
simulations  match  the  test  data  fairly  well.  In  the  X  direction,  the  magnitude  of  the  displacement 
also  matches  very  well.  For  the  Y  direction  motion,  the  Abaqus  simulations  predict  smaller  peak 
displacements  at  a  number  of  points  in  the  time  history.  As  seen  in  Table  5.10,  the  peak 
displacements  in  the  X  direction  agree  to  within  7%,  while  the  peak  displacements  in  the  Y 
direction  agree  to  within  only  14%.  Also  important,  however,  is  the  fact  that  the  peak 
displacements  appear  to  occur  in  the  same  time  region  for  both  the  finite  element  model  and  the 
test  structure.  The  Drain-3DX  results  for  EQ  15  also  match  well.  The  peak  displacements  match 
to  within  3%  in  the  X  direction  and  13%  in  the  Y  direction,  which  is  a  better  match  than  the 
Abaqus  simulation.  However,  the  Drain-3DX  analysis  does  not  predict  the  permanent  offset  that 
is  present  in  the  X-Axis  motion  at  the  end  of  the  simulation.  The  permanent  offset  recorded  in 
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the  test  is  roughly  0.6  -  0.7  inches.  Abaqus  predicts  this  result  fairly  accurately,  while  Drain- 
3DX  predicts  a  negligible  final  offset,  if  any.  Also  noteworthy  is  the  rotational  response,  or  lack 
thereof,  during  EQ  15.  The  recorded  test  rotation  history  is  small,  but  non-trivial.  However, 
neither  of  the  finite  element  rotational  time  histories  are  even  remotely  close  to  the  experimental 
result.  In  fact,  the  rotation  histories  from  the  Abaqus  and  Drain-3DX  analyses  match  each  other 
fairly  well.  The  only  point  during  the  finite  element  rotation  time  histories  when  the  rotation 
appears  to  be  anything  other  than  noise  appears  to  correlate  with  a  large  excursion  in  the  X-Axis 
displacement  response.  The  rotation  present  during  the  test,  when  considering  the  finite  element 
results,  is  most  likely  a  result  of  the  previously  discussed  shaketable  motion  control  problem. 

Any  shaketable  motion  other  than  the  recorded  motions  in  the  X  and  Y  directions  is  not 
accounted  for  in  the  finite  element  analyses,  and  therefore  any  actual  structural  response  due  to 
extraneous  shaketable  motion  would  not  be  present  in  the  finite  element  response  results. 

These  same  trends  continue  in  the  response  histories  for  EQ  16,  the  150%  simulation,  shown  in 
Figures  5.38  and  5.39,  using  a  combined  isotropic/kinematic  hardening  model.  The  peak 
displacements  in  the  Y  direction  are  actually  in  better  agreement  for  EQ  16,  with  differences  of 
less  than  4%.  Further,  the  peak  displacements  in  the  X  direction  agree  to  within  2%.  This  was 
true  despite  the  fact  that  EQ  16  is  a  more  difficult  test  for  the  finite  element  model  to  simulate,  as 
there  was  pre-existent  damage  to  the  structure.  The  Drain-3DX  simulations  also  matched  well,  to 
within  6%  in  the  Y  direction  and  15%  in  the  X  direction,  but  again  not  as  well  as  the  Abaqus 
analyses.  The  first  inelastic  simulation,  EQ  15,  featured  a  small  degree  of  residual  displacement, 
especially  in  the  X  direction,  radicating  permanent  damage  to  the  structure.  Thus,  the  second 
inelastic  simulation,  EQ  16,  began  with  this  permanent  damage  to  the  structure.  As  with  EQ  15, 
the  Drain-3 DX  analysis  did  not  accurately  predict  the  X-Axis  permanent  offset  at  the  end  of  EQ 
16.  As  shown  in  Figure  5.40,  the  Drain-3DX  analysis  predicts  about  one  inch,  while  the  actual 
offset  was  roughly  3  inches.  In  modeling  an  inelastic  simulation,  it  will  be  shown  that  the 
material  hardening  model,  or  how  the  stress-strain  behavior  of  each  element  changes  during 
yielding,  can  significantly  impact  the  calculated  results.  The  changes  in  the  stress-strain  behavior 
are  path  dependent,  and  thus  are  influenced  by  the  number  and  degree  of  inelastic  excursions  that 
each  material  element  makes.  With  a  second  inelastic  simulation  following  the  first,  the  stress- 
strain  path  that  each  element  takes  becomes  twice  as  long.  Thus,  any  inaccuracies  in  the  material 
hardening  model,  which  will  undoubtedly  be  present,  may  have  twice  the  effect  on  the  calculated 
results. 
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The  Abaqus  simulations  shown  in  Figures  5.34  -  5.35  and  5.38  -  5.39  utilize  a  combined 
nonlinear  isotropic/kinematic  hardening  model,  as  described  in  Chapter  3.  For  the  hardening 
model  for  these  simulations,  it  was  assumed  that  the  isotropic  part  of  the  hardening  would 
compose  30%  of  the  total  hardening.  This  figure  was  chosen  through  calibration  to  the  response 
of  the  symmetric  models  studied  in  this  chapter  and  an  earlier  chapter.  This  calibration  was 
necessary  for  subsequent  analyses  because  cyclic  material  tests  were  not  performed  on  the  steel 
specimens  from  the  test  structure  columns.  It  is  difficult  to  evaluate  how  accurate  the  assumed 
hardening  model  is,  although  it  was  based  to  some  degree  on  other  material  studies  of  A3  6  steel, 
as  discussed  in  Chapter  3. 

Figures  5.42  -  5.44  show  the  same  simulation,  EQ  16,  performed  with  three  other  post-yield 
material  models.  The  post-yield  behavior  in  Figure  5.42  was  perfect  plasticity,  while  the 
simulation  in  Figure  5.43  utilized  isotropic  hardening  only  and  the  simulation  in  Figure  5.44 
utilized  kinematic  hardening  only.  As  seen  in  these  figures,  although  the  combined  hardening 
model  predicts  the  closest  response  to  the  true  deformation,  both  the  isotropic  hardening  and 
kinematic  hardening  models  are  fairly  accurate  as  well.  The  perfect  plasticity  material  model, 
while  fairly  accurate  in  the  uniaxial  case,  as  seen  in  Chapter  4,  grossly  overestimates  the 
structural  response  in  both  directions.  These  results  demonstrate  that  the  hardening  model  used 
for  finite  element  analyses  may  have  a  significant  impact  on  calculated  results  for  nonlinear 
dynamic  problems.  The  peak  recorded  column  strains  for  EQ  16  were  about  0.01  in/in,  while  the 
yield  strain  for  the  column  steel  was  about  0.001 1  in/in,  as  seen  in  Figure  5.24.  Because  the 
strain  gages  were  placed  10  inches  from  the  column  ends  for  this  configuration,  the  actual  peak 
strains  in  the  columns  most  likely  exceeded  the  strains  measured  by  the  strain  gages.  Thus,  for 
this  simulation,  the  column  material  did  extend  significantly  into  the  inelastic  region.  As  seen  in 
Figure  5.24,  at  the  peak  strain  level  of  approximately  0.01  in/in,  hardening  has  increased  the 
strength  of  the  material  by  about  50%  over  the  strength  using  a  perfect  plasticity  model,  which  is 
consistent  with  the  observations  here. 

5.6  Summary  and  Conclusions 

In  Chapter  4,  the  Modified  fl/R  Ratio  was  introduced.  This  ratio  gives  a  measure  of  the  amount  of 
ductility  the  2000  NEHRP  Seismic  Provisions  expects  a  particular  structure  to  experience  and 
thus  for  which  it  must  be  designed.  For  EQ  07,  a  uniaxial  inelastic  earthquake  simulation  with 
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displacement  response  ductility  of  about  2.5,  the  Modified  Ratio  was  0.77.  As  stated  in 
Chapter  4,  this  Ratio  fell  within  the  bounds  of  the  pi/R  Ratio  that  the  2000  NEHRP  Seismic 
Provision  provides:  0.86  for  an  Ordinary  Moment  Resisting  Frame  (OMRF),  and  0.69  for  a 
Special  Moment  Resisting  Frame  (SMRF).  For  EQ  15,  an  earthquake  simulation  of  relatively 
equal  magnitude  to  EQ  07  but  with  biaxial  ground  motions,  the  Modified  Jj/R  Ratios  were  1.37  in 
the  X  direction  and  0.86  in  the  Y  direction,  as  shown  below. 


fi/R  Ratio 

Configuration 

EQ 

X-Axis 

Y-Axis 

Z-Axis 

Symmetric  Mass 

100%  Uniaxial 

7 

N/A 

0.77 

N/A 

Symmetric  Mass 

100%  Biaxial 

1.37 

0.86 

0.84 

Symmetric  Mass 

150%  Biaxial 

16 

1.77 

1.83 

1.08 

The  value  for  the  Y  direction  is  reasonably  similar  to  that  of  EQ  07,  however  the  value  for  the  X 
direction  is  significantly  larger,  by  nearly  80%,  than  for  EQ  07 .  This  implies  that  for  a  particular 
Strength  Reduction  Factor,  the  ductility  that  the  structure  will  experience  is  significantly  greater 
than  the  ductility  demand  required  by  the  Seismic  Provisions.  For  EQ  16,  the  Modified  fj/R  Ratio 
was  1.77  in  the  X  direction  and  1.83  in  the  Y  direction.  Thus,  not  only  are  these  ratios 
significantly  larger  than  those  for  the  range  between  an  OMRF  and  an  SMRF,  but  the  /j/R  Ratios 
have  changed  fi-om  one  inelastic  earthquake  to  the  next  inelastic  earthquake  for  the  same  test 
configuration.  In  order  to  be  able  to  correctly  model  inelastic  deformations  using  elastic  response 
spectra,  it  is  important  that  parameters  such  as  the  /j/R  Ratio  do  not  change  significantly  based  on 
the  amount  of  inelastic  behavior.  This  is  one  illustration  of  the  limits  of  using  elastic  design  to 
predict  inelastic  behavior. 

As  mentioned  above,  it  is  important  to  know  whether  the  jj/R  Ratio  changes  for  different 
earthquake  configurations  in  actual  structures  because  the  elastic  design  procedure  in  the  Seismic 
Provisions  takes  this  ratio  as  a  constant.  In  addition,  a  constant  jj/R  Ratio  implies  that  the  ratio  of 
the  two  peak  lateral  displacements  remains  constant  regardless  of  whether  the  structure  responds 
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elastically  or  inelastically,  and  also  regardless  of  the  amount  of  structural  asymmetry.  For  elastic 
response,  the  Seismic  Provisions  define  the  seismic  base  shear,  V^,  as 
Vy  =PSAy  *  W  and  Vy  =PSAy  *  W 


where  the  subscript  e  indicates  elastic  response,  the  subscripts  X  and  Y  indicate  the  response 
direction,  W  is  the  structure  weight,  and  PSA  is  the  spectral  acceleration.  The  elastic  lateral 
deformations  w^and  w^are  defined  as 


K, 


and 


Mv  = 


K. 


where  AT^and  Ky  are  the  structure  stif&esses  in  the  lateral  directions.  The  ratio  of  the  two  peak 
elastic  lateral  displacements  is  then  defined  as 
^  V,JK,  W*PSA,JK, 


WPSA,  IK, 


K,  PSA, 


For  inelastic  response,  the  Seismic  Provisions  define  the  seismic  base  shear,  F),  as 

PSAy  PSAy 

Vy  = - W  and  Vy  = - =-*  W 

R  R 


The  inelastic  lateral  deformations  WA-and  M^are  defined  as 


K, 


and 


V, 


JL 

Ky 


The  ratio  of  the  two  peak  inelastic  lateral  displacements  is  then  defined  as 


Uy^  C.VyjKy  W*PSAyjKy  ^ y 


PSAy 


CdVyjKy 


W*PSAyjKy 


Ky  PSA 


X. 


But,  if  PSAx.  =A^ PSAx^  and  PSAy^  * PSAy^  then 


PSAy  A  ^  PSAy  PSAy 

_ _ _ _e__  _ _ e 

PS  Ax,  A^PSAx^  PSAx^ 

Therefore, 


^Xe  ^x 

And  because  the  Seismic  Provisions  make  no  modifications  to  these  equations  based  on  degree  of 
eccentricity,  the  ratio  of  peak  Y-Axis  displacement  to  peak  X-Axis  displacement  should  remain 
constant  regardless  of  eccentricity. 
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For  EQ  14  in  this  test  configuration,  the  uy/ux ratio  is  equal  to  0.73,  as  shown  below.  For  EQ 
15,  the  first  inelastic  simulation,  the  ratio  drops  significantly  to  0.43,  a  decrease  of  over  40%. 
This  result  is  confirmed  by  the  fact  that  the  displacement  ductility  is  approximately  2.5  times 
larger  in  the  X  direction  than  in  the  Y  direction  for  EQ  15.  For  EQ  16,  the  second  inelastic 
simulation,  the  ratio  of  uy/  Ma"  increases  to  0.80. 


Configuration 

EQ 

Uy/ Ux 

Symmetric  Mass 

25%  Biaxial 

14 

0.73 

Symmetric  Mass 

100%  Biaxial 

15 

0.43 

Symmetric  Mass 

150%  Biaxial 

16 

0.80 

The  displacement  ductility  in  the  X  direction  is  now  only  about  35%  larger  than  in  the  Y 
direction,  which  is  similar  to  the  proportion  observed  in  EQ  14.  Thus,  it  appears  that  due  to  the 
differences  in  the  X-  and  Y-Axis  ground  motions,  the  structure  in  EQ  15  has  yielded  to  different 
degrees  in  the  two  directions.  In  the  Y  direction,  the  structure  is  still  in  the  region  of  the  pushover 
curve.  Figure  5.12,  where  the  lateral  stiffness  has  not  yet  decreased  significantly.  In  the  X 
direction,  the  lateral  stiffness  has  decreased  to  a  much  greater  degree,  resulting  in  a  much  larger 
peak  displacement  proportionally  to  the  Y-Axis  peak  displacement.  In  EQ  16,  the  stiffness 
appears  to  have  decreased  to  a  similar  degree  in  the  Y  direction  as  in  the  X  direction,  as  the 
structure  has  traveled  further  along  the  pushover  curve.  This  phenomenon,  yielding  at  different 
rates  in  the  two  lateral  directions,  would  be  expected  to  occur  regularly  in  actual  structures,  as 
orthogonal  ground  motion  components  are  typically  different  and  structures  lose  stiffhess  during 
yielding  in  a  very  gradual  manner.  The  result  of  this  is  that  the  ratio  Uy/  uxnnay  not  remain 
constant  as  the  structure  proceeds  along  its  yield  path,  indicated  by  the  pushover  curves.  But  it 
also  appears  that  if  there  is  sufficient  yielding  in  each  lateral  direction,  the  uy/  uxratio  during 
inelastic  response  is  nearly  equal  to  that  for  elastic  response. 


Another  limitation  in  using  elastic  design  occurs  when  rotational  response  is  a  product  of  inelastic 
behavior.  As  mentioned  previously,  when  yielding  occurs  in  one  or  both  of  the  transverse 
directions,  the  torsional  stiffness  decreases.  This  has  the  effect  of  increasing  the  torsional 
response  of  the  structure.  During  EQ  15  and  EQ  16,  the  two  inelastic  simulations  in  this 
configuration,  the  structure  achieved  rotational  ductilities  of  0.44  and  0.83,  despite  the  fact  that 


the  structure  was  ostensibly  symmetric.  With  no  inherent  eccentricity,  the  only  possibility  for 
predicting  this  response  with  the  Seismic  Provisions  is  through  the  accidental  eccentricity. 
However,  the  Provisions  predict  peak  rotations  of  1.89  x  10’^  radians  for  EQ  15  and  2.83  x  10'^ 
radians  for  EQ  16.  The  peak  rotations  of  the  test  structure  were  2.85  x  10'^  radians  and  5.35  x  10" 
^  radians  for  EQ  15  and  EQ  16,  respectively.  Thus,  the  accidental  eccentricity  provision  is 
noticeably  inadequate  in  predicting  these  torsional  responses.  However,  the  additional  edge 
displacements  due  to  the  rotational  response  in  both  EQ  15  and  EQ  16  are  only  about  5%  of  the 
transverse  peak  displacements  of  the  structure,  which  is  a  mitigating  factor  in  assessing  the 
adequacy  of  the  Provisions. 

The  uniaxial  inelastic  earthquake  simulation  performed  in  Chapter  4,  EQ  07,  featured  a  peak 
ground  acceleration  of 0.678  g  and  a  peak  displacement  of  1.216  inches  along  the  Y-Axis, 
resulting  in  a  normalized  displacement  of  1.79  inches/g.  The  first  inelastic  earthquake  simulation 
in  this  chapter,  EQ  15,  featured  a  similar  peak  ground  acceleration  in  the  Y  direction,  but  a 
ground  motion  was  also  present  in  the  X  direction.  If  a  mass  or  stiffiiess  asymmetry  were  added 
to  the  configuration,  the  peak  displacement  would  likely  be  expected  to  decrease  somewhat  due 
to  the  presence  of  torsional  motion.  However,  simply  adding  the  X-Axis  ground  motion  does  not 
impact  the  Y-Axis  peak  displacement,  as  it  is  1.294  inches  in  EQ  15,  resulting  in  a  normalized 
displacement  of  1 .85  inches/g  as  compared  to  1 .79  inches/g  for  EQ  07.  This  implies  that  without 
coupling  of  the  X  and  Y-Axis  motions  due  to  mass  or  stiffiiess  asymmetry,  the  X  and  Y-Axis 
responses  are  independent  of  one  another  for  an  inelastic  simulation,  as  is  obviously  the  case  for 
an  elastic  earthquake  simulation. 

The  time  history  analyses  performed  for  this  configuration  using  the  finite  element  programs 
Drain-3DX  and  Abaqus  were  generally  accurate  in  their  predictions  of  the  experimental  response. 
With  respect  to  the  low-level  linear  simulations,  Abaqus  consistently  predicted  peak 
displacements  more  accurately  than  did  the  Drain-3DX  analyses.  The  Abaqus  analyses  were  off 
by  roughly  2-7%,  while  the  Drain-3DX  analyses  were  typically  inaccurate  by  about  12-13%.  No 
consistent  pattern  emerged  as  to  why  some  of  the  elastic  analytical  simulations  were  more 
accurate  than  others.  The  inelastic  simulations  proved  to  be  similar  in  their  results.  The  Abaqus 
analyses  were  slightly  more  accurate  than  those  utilizing  Drain-3DX.  However,  each  predicted 
maximum  displacements  as  close  as  2%  and  as  different  as  15%  fi'om  the  test  data.  The  Abaqus 
simulations  did  prove  to  be  significantly  better  in  predicting  any  permanent  offset  of  the  structure. 
Neither  Abaqus  nor  Drain-3DX  was  remotely  close  in  predicting  the  peak  rotation. 
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underestimating  the  actual  peak  rotation  by  anywhere  from  a  factor  of  2.5  to  4.  As  there  was  no 
mass  or  stiffness  asymmetry  present  in  this  structure,  the  rotation  observed  in  the  test  structure 
appears  to  be  primarily  caused  by  the  reduction  in  torsional  stiffness,  which  occurs  when  the 
structure  yields  in  one  or  both  of  the  planar  directions.  It  appears  that  neither  finite  element 
program  models  this  phenomenon  very  well.  The  Abaqus  simulations  performed  with  the 
kinematic  and  isotropic  hardening  material  models  were  both  fairly  accurate  in  matching  the  test 
data.  However,  the  simulation  utilizing  the  elastic-perfectly  plastic  model  was  not  as  accurate, 
significantly  overestimating  both  the  peak  displacements  and  permanent  offset  by  factors  of  3-5. 
Thus,  it  appears  that  for  this  biaxial  inelastic  simulation,  the  Abaqus  analysis  does  begin  to  offer 
advantages  over  the  Drain-3DX  analysis.  Also,  it  is  evident  that  the  simple  elastic-perfectly 
plastic  material  model  is  insufficient  to  accurately  model  the  inelastic  response  of  EQ  16. 
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Mass 

[lb*sVin] 

Mass  Centers  [in] 

Column  Properties 

X* 

B 

Zo 

A  [in'] 

I  [in'*] 

93.618 

0.0 

0.0 

68.798 

4.41 

9.61 

Modal  Frequencies  [Hz] 

Modal  Damping  [%] 

0 

e 

Before  EQ  12 

3.454 

6.450 

0.596 

0.636 

N/A 

After  EQ  17 

3.050 

N/A 

3.029 

3.249 

N/A 

Table  5.1  Test  Structure  Dynamic  Properties  -  Test  Configuration  2 
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Test  Designation 

Input  Motions 

WNT4 

White  Noise  X-Axis 

WNT5 

White  Noise  Y-Axis 

WNT6 

White  Noise  Yaw-Axis 

SIN4 

Sine  Decay  X-Axis 

SIN5 

Sine  Decay  Y-Axis 

SIN6 

Sine  Decay  Yaw- Axis 

SWP4 

Sine  Sweep  X-Axis 

SWP5 

Sine  Sweep  Y-Axis 

SWP6 

Sine  Sweep  Yaw-Axis 

EQ12 

25%  X-Axis  Imperial  Valley 

EQ13 

25%  Y-Axis  Imperial  Valley 

EQ14 

25%  Biaxial  Imperial  Valley 

EQ15 

100%)  Biaxial  Imperial  Valley 

WNT7 

White  Noise  X-Axis 

WNT8 

White  Noise  Y-Axis 

EQ16 

150%  Biaxial  Imperial  Valley 

WNT9 

White  Noise  X-Axis 

WNTIO 

White  Noise  Y-Axis 

EQ17 

150%  Biaxial  Imperial  Valley 

WNTll 

White  Noise  X-Axis 

WNT12 

White  Noise  Y-Axis 

Table  5.2  Earthquake  Simulations  and  Dynamic  Characterization  Tests  -  Test  Configuration  2 
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E  rksi]=  29000.0 
Stress  [ksi] 
0.00000 

37.50000 
39.60000 
40.70000 
49.00000 
54.00000 

56.50000 
57.80000 

58.50000 
59.00000 
57.00000 


Strain  [in/in] 

0.00000 

0.00108 

0.00300 

0.00500 

0.02000 

0.04000 

0.06000 

0.08000 

0.10000 

0.15000 

0.20000 


Plastic  Strain  [in/in] 


0.000000 

0.001863 

0.003831 

0.018593 

0.038449 

0.058378 

0.078340 

0.098320 

0.148306 

0.198363 


Table  5.8  Abaqus  Stress-Strain  Best-Fit  Material  Model  -  Test  Configuration  2 


E  [ksil  =  29000.0 


Stress  [ksi] 

Strain  [in/in] 

0.00000 

0.00000 

37.50000 

0.001293 

39.60000 

0.003000 

49.00000 

0.020000 

56.50000 

0.060000 

58.50000 

0.100000 

Table  5.9  Drain-3DX  Stress-Strain  Best-Fit  Material  Model  -  Test  Configuration  2 
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Figure  5. 1  Perspective  View  of  Test  Configuration 
4  -  4”  Extra-Strong  Columns 
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Figure  5.5  Force  vs.  Displacement  and  Torsional  Moment  vs.  Rotation  -  EQ  13 
25%  Y-Axis  Imperial  Valley  -  Symmetric  Mass 
Four  4”  Extra-Strone  Columns 


ANGULAR  ACCELERAT 


DISPLACEMENT  [IN] 


DISPLACEMENT  [IN] 


ROTATION  [RAD] 


Figure  5.7  Force  vs.  Displacement  and  Torsional  Moment  vs.  Rotation  -  EQ  14 
25%  Biaxial  Imperial  Valley  -  Symmetric  Mass 
Four  4”  Extra-Strong  Columns 
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Figure  5.12  Force-Deformation  Response  -  Test  Configuration  2 
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Figure  5.14  Maximum  Force  vs.  Displacement  and  Maximum  Torsional  Moment  vs.  Rotation 
10%  - 150%  Biaxial  Imperial  Valley  -*  Symmetric  Mass 
Four  4”  Extra-Strong  Columns 
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Figure  5.17  Elastic  Response  Spectra  -  EQ  14  -  25%  Biaxial  Imperial  Valley  Ground  Moti( 
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Figure  5.18  Elastic  Response  Spectra  -  EQ  15  -  100%  Biaxial  Imperial  Valley  Ground  Motion 
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Figure  5.25  Drain-3DX 


internol  Moss  =  20,270  lb*sV> 
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Internal  Moss  =  20,411  lb*s^/ 
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Figure  5.30  Abaqus  Analytical  Displacement  vs.  Time  -  EQ  13  -  25%  Y-Axis  Imperial  Valley 
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Figure  5.3 1  Drain-3DX  Analytical  Displacement  vs.  Time  -  EQ  13  -  25%  Y-Axis  Imperial  Valley 
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Figure  5.32  Abaqus  Analytical  Displacement  vs.  Time  -  EQ  14  -  25%  Biaxial  Imperial  Valley 
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Figure  5.33  Drain-3DX  Analytical  Displacement  vs.  Time  -  EQ  14  —  25%  Biaxial  Imperial  Valley 
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Figure  5.34  Abaqus  Analytical  Displacement  vs.  Time  -  EQ  15  -  100%  Biaxial  Imperial  Valley  -  Combined  Material  Hardening 
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Figure  5.35  Abaqus  Analytical  Rotation  vs.  Time  -  EQ  15  -  100%  Biaxial  Imperial  Valley  -  Combined  Material  Hardening 
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Figure  5.36  Dram-3DX  Analytical  Displacement  vs.  Time  -  EQ  15  -  100%  Biaxial  Imperial  Valley 
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Figure  5.37  Drain-3DX  Analytical  Rotation  vs.  Time  -  EQ  15  -  100%  Biaxial  Imperial  Valley 
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Figure  5.38  Abaqus  Analytical  Displacement  vs.  Time  -  EQ  16  -  150%  Biaxial  Imperial  Valley  -  Combined  Material  Hardening 
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Figure  5.39  Abaqus  Analytical  Rotation  vs.  Time  -  EQ  16  -  150%  Biaxial  Imperial  Valley  -  Combined  Material 
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Figure  5.40  Drain-3DX  Analytical  Displacement  vs.  Time  -  EQ  16  -  150%  Biaxial  Imperial  Valley 
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Figxire  5.42  Abaqus  Analytical  Displacement  vs.  Time  -  EQ  16  -  150%  Biaxial  Imperial  Valley  -  Perfect  Plasticity 


[NI]  lN3W33VldSia 


[NI]  lN[3N3DV3JSia 


255 


Figure  5.43  Abaqus  Analytical  Displacement  vs.  Time  -  EQ  16  -  150%  Biaxial  Imperial  Valley  -  Isotropic  Material  Hardening 
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Figure  5.44  Abaqus  Analytical  Displacement  vs.  Time  -  EQ  16  -  150%  Biaxial  Imperial  Valley  -  Kinematic  Material  Hardening 


CHAPTER  6 

EXPERIMENTAL  AND  ANALYTICAL  RESPONSE  OF 
TEST  CONFIGURATION  4 


This  chapter  provides  a  summary  of  the  experimental  test  data  and  the  finite  element  analysis 
results  of  Test  Configuration  4.  The  fourth  configuration,  as  seen  in  Figure  6.1,  featured  all  of  the 
masses  loaded  on  the  east  side  of  the  diaphragm,  resulting  in  a  ‘/z  mass  asymmetry,  and  four  4” 
Extra-Strong  Columns.  The  dynamic  properties  of  the  test  structure  in  Test  Configuration  4  are 
shown  in  Table  6.1. 

Five  earthquake  simulations  were  performed  with  this  test  configuration:  10%  X-Axis  only 
[PGAx  =  0.105  g],  10%  Y-Axis  only  [PGAy  =  0.070  g],  10%  Biaxial  [PGAx  =  0.102  g  and  PGAy 
=  0.062  g],  100%  Biaxial  [PGAx  =  1.1 15  g  and  PGAy  =  0.71 1  g],  and  150%  Biaxial  [PGAx  = 
1.629  g  and  PGAy  =1.121  g].  Characterization  tests  were  also  performed  to  determine  the 
dynamic  properties  of  the  model.  The  complete  test  sequence  for  Test  Configuration  4  is  shown 
in  Table  6.2. 

The  first  three  earthquake  simulations,  using  10%  X-Axis  only,  10%  Y-Axis  only,  and  10% 
Biaxial  input  motions,  featured  elastic  behavior  only.  The  fourth  simulation,  using  100%  Biaxial 
input  motions,  was  the  initial  inelastic  test  for  this  configuration.  Subsequently,  an  additional  test 
was  performed  in  which  150%  Biaxial  input  motions  were  used  and  featured  pre-existing  damage 
in  the  model  columns. 

This  chapter  summarizes  response  data  of  this  test  configuration  during  the  earthquake 
simulations  and  the  dynamic  characterization  tests.  Summaries  of  test  model  accelerations, 
displacements,  torsional  moments,  overturning  moments,  column  end  moments,  and  base  shears 
are  also  provided. 
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6.1  Observed  Structural  Response 


The  diaphragm  acceleration  and  displacement  time  history  responses  for  the  10%  X-Axis 
simulation  are  shown  in  Figure  6.2.  The  base  shear  vs.  displacement  and  torque  vs.  rotation  are 
shown  in  Figure  6.3.  Similar  responses  for  the  10%  Y-Axis  simulation  are  shown  in  Figures  6.4 
and  6.5.  Results  for  the  10%  Biaxial  simulation  are  shown  in  Figures  6.6  and  6.7.  The  responses 
for  the  100%  Biaxial  simulation  are  shown  in  Figures  6.8  and  6.9.  Results  for  the  150%  Biaxial 
simulation  are  shown  in  Figures  6.10  and  6.1 1. 

Tables  6.3  -  6.7  list  the  peak  recorded  diaphragm  relative  displacements  and  peak  diaphragm 
accelerations,  and  corresponding  PGA  for  each  of  the  five  earthquake  simulations  performed  in 
this  test  configuration.  Also  listed  are  the  maximum  base  shears,  maximum  torsional  moments, 
maximum  overturning  moments,  maximum  column  end  moments  for  each  column,  and 
maximum  column  end  shears  for  each  column. 


6.2  Observed  Response  Discussion 


The  calculated  force-deformation  behavior  of  the  structure  in  the  X  and  Y  directions  and  about 
the  Z-Axis  are  shown  in  Figures  6. 12  and  6. 13.  In  the  X  direction,  the  model  has  a  yield 
displacement  of  0.42  inches  at  a  yield  force  of  19.28  kips.  In  the  Y  direction,  the  model  has  a 
yield  displacement  of  0.44  inches  at  a  yield  force  of  18.35  kips.  The  model  has  a  yield  rotation  of 
0.0062  radians  at  a  moment  of  1356  kip-inches.  In  Figure  6.14,  the  structural  force-deformation 
behavior  shown  in  Figures  6.12  and  6.13  is  compared  with  the  maximum  force-deformation 
response  from  each  of  the  earthquake  simulations  in  this  test  configuration.  Elastic  response 
spectra  of  the  recorded  table  motions  for  EQ  25  -  EQ  28  are  shown  in  Figures  6.15  -  6.18, 
respectively.  The  modal  frequencies  for  this  configuration  with  respect  to  the  response  spectra 
are  indicated  in  Figures  6.15  -  6.18  as  well. 

The  first  earthquake  simulation  for  this  configuration,  EQ  25,  features  10%  Imperial  Valley  input 
motion  in  the  X-Axis  only  [PGAx  =  0.105  g].  Time  history  plots  of  the  structural  response  are 
shown  in  Figure  6.2.  The  peak  displacements  of  the  structure  were  0.273  inches  along  the  X- 
Axis,  0.079  inches  along  the  Y-Axis,  and  1.45  x  10'^  radians  about  the  Z-Axis.  The  peak 


displacement  predicted  by  static  analysis  is  0.291  inches  along  the  X-Axis  and  0.97  x  10’^  radians 
about  the  Z-Axis,  with  no  displacement  predicted  along  the  Y-Axis.  The  peak  base  shears  are 
12.78  kips  in  the  X  direction  and  2.66  kips  in  the  Y  direction,  and  peak  torsional  moment  is 
272.1 1  kip-inches.  Figure  6.3  shows  the  base  shear  vs.  displacement  plots  and  torsional  moment 
vs.  rotation  plot,  which  are  all  tight  and  linear,  indicating  no  yielding.  As  the  mass  eccentricity  in 
this  configuration  is  along  the  Y-Axis,  torsional  moments  and  rotations  are  expected  with  input 
motion  along  the  X-Axis.  However,  Figure  6.2  shows  that  the  structure  did  have  a  very  small 
response  in  the  Y  direction.  This  motion  is  most  likely  a  resonance  motion,  which  is  a  product  of 
the  shaketable  control  problem  discussed  in  Chapters  3  and  4. 

In  EQ  26  the  model  is  subjected  to  a  10%  Y-Axis  input  motion  [PGAy  =  0.070  g]  and  response 
plots  are  shown  in  Figure  6.4.  The  peak  displacements  were  0.182  inches  in  the  Y  direction  and 
0.027  inches  in  the  X  direction,  and  the  peak  rotation  was  0.36  x  10'^  radians.  The  peak 
displacements  predicted  by  static  analysis  are  0.202  inches  in  the  Y  direction,  with  no 
displacements  predicted  along  the  X-Axis  or  torsionally.  Further,  the  displacement  time  histories 
indicate  no  residual  displacement  or  permanent  deformation.  In  EQ  26,  with  no  eccentricity,  a 
torsional  effect  is  not  expected.  The  acceleration  response  in  the  X  direction  and  the  angular 
acceleration  response  both  appear  to  indicate  resonant  responses  due  to  the  table  control 
problems.  The  responses  are  very  small,  however.  The  displacement  responses  seen  in  Figure 
6.4  appear  to  be  largely  noise,  as  the  responses  are  on  the  same  order  of  magnitude  as  the 
precision  of  the  data  acquisition  system.  Although  the  resonant  motions  are  present  in  this 
simulation,  they  are  not  as  pronoimced  as  in  EQ  25.  This  observation  suggests  that  the  torsional 
motion  present  in  EQ  25  may  facilitate  the  resonant  motion.  Figure  6.5  shows  the  base  shear  vs. 
displacement  plots  and  torsional  moment  vs.  rotation  plot.  The  shear  vs.  displacement  plot  for  the 
Y  direction  is  tight  and  linear. 

The  third  earthquake  simulation  for  this  configuration,  EQ  27,  features  10%  Imperial  Valley  input 
motion  along  both  the  X-Axis  and  Y-Axis  [PGAx  =  0.102  g  and  PGAy  =  0.062  g],  with  structural 
response  plots  shown  in  Figure  6.6.  The  peak  displacements  of  the  structure  were  0.270  inches  in 
the  X  direction,  0.231  inches  in  the  Y  direction,  and  1.56  x  10'^  radians  in  the  Z  direction.  Static 
analysis  predicted  the  peak  displacements  to  be  0.293  inches  along  the  X-Axis,  0.25 1  inches 
along  the  Y-Axis,  and  0.97  x  10'^  radians  about  the  Z-Axis.  Further,  the  displacement  time 
histories  indicate  no  residual  displacement  or  permanent  deformation.  Thus,  both  displacements 
and  rotation  indicate  that  the  structural  response  for  this  simulation  remained  elastic,  as  expected. 
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The  peak  base  shears  and  peak  torsional  moment  are  12.40  kips  in  the  X  direction,  9.34  kips  in 
the  Y  direction,  and  260.40  kip-inches  about  the  vertical  axis.  Figure  6.7  shows  the  base  shear  vs. 
displacement  plots  and  torsional  moment  vs.  rotation  plot,  which  are  all  tight  and  linear. 

Thus,  for  this  test  configuration,  the  static  analysis  is  consistently  conservative  in  predicting  the 
elastic  peak  displacements  by  about  10%.  However,  the  static  analysis  is  consistently 
unconservative  in  predicting  the  elastic  peak  rotations,  by  approximately  50%.  Note  that  the 
structural  response  does  not  qualify  the  model  as  torsionally  irregular  in  any  of  the  elastic 
simulations. 

In  comparing  EQ  27  with  EQ  25,  the  addition  of  the  10%  Y-Axis  input  motion  results  in  little 
change  in  the  X-Axis  response  of  the  diaphragm,  as  the  peak  displacement  and  base  shear  are 
0.273  inches  and  12.78  kips  for  EQ  25  and  0.270  inches  and  12.40  kips  for  EQ  27.  Because  this 
configuration  has  an  eccentricity  in  the  Y  direction  only,  the  addition  of  an  input  motion  and  thus 
response  in  the  Y  direction  will  not  add  to  the  torsional  effect.  This  is  verified  by  the  fact  that  the 
torsional  moment  is  virtually  unchanged  between  EQ  25  and  EQ  27.  In  light  of  the  fact  that  the 
recorded  table  motions  are  not  always  identical  to  the  ground  motions  input  into  the  table  control 
system,  as  discussed  in  Chapter  3,  it  is  also  of  interest  to  compare  the  recorded  peak  ground 
accelerations  (PGA)  and  resulting  pseudo-spectral  displacements  (PSD),  which  give  a 
measurement  of  the  displacement  response  as  a  function  of  the  ground  motion  and  period  of  the 
structure,  of  any  two  simulations.  As  shown  in  Table  6.3,  EQ  25  has  a  PGA  of  0. 105  g  while  EQ 
27  has  a  PGA  of  0.102  g.  In  addition,  in  referencing  Figures  6.15  and  6.17,  EQ  25  has  a  PSD  of 
0.304  inches  while  EQ  27  has  a  PSD  of  0.294  inches.  Thus,  the  fact  that  the  PSD  and  PGA  of  EQ 
27  are  slightly  less,  but  very  close,  to  those  of  EQ  25,  validates  the  small  decrease  in  the  recorded 
displacement  response  from  EQ  25  to  EQ  27.  In  a  linear  elastic  system,  the  displacement 
response  in  EQ  27  should  be  the  equal  to  the  sum  of  the  responses  in  EQ  25  and  EQ  26.  This 
comparison  can  be  made  if  the  ground  motions  for  all  three  simulations  were  the  same.  The 
ground  motions  characteristics  are  similar  enough  for  EQ  25  and  EQ  27  in  the  X  direction  to 
make  the  comparison.  As  observed  previously,  it  appears  that  the  displacement  response  in  the  X 
direction  for  EQ  27  is  roughly  equal  to  that  for  EQ  25,  meaning  that,  for  a  linear  elastic  system, 
EQ  26  should  not  produce  any  response  in  the  X  direction.  A  non-trivial  displacement  response 
was  observed,  however  for  EQ  26.  This  response  was  previously  observed  to  be  a  resonant 
vibration  response  due  to  the  shaketable  motion  control  problem,  as  discussed  in  Chapter  3. 
However,  EQ  27  featured  a  biaxial  ground  motion,  thus  no  control  problem  was  present,  and  the 
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observed  resonant  response  in  EQ  26  would  not  be  present  in  EQ  27.  The  same  argument  holds 
in  comparing  the  torsional  response  in  EQ  25  to  that  in  EQ  27. 

In  comparing  EQ  27  to  EQ  26,  the  addition  of  the  10%  X-Axis  input  motion  does  result  in  a 
change  in  the  Y-Axis  response,  as  well  as  the  X-Axis  response.  The  peak  displacement  in  the  Y- 
Axis  increases  substantially  from  0.182  inches  in  EQ  26  to  0.231  inches  in  EQ  27.  The  peak 
ground  acceleration  actually  decreases  from  0.070  g  for  EQ  26  to  0.062  g  for  EQ  27,  which 
doesn’t  appear  to  support  the  observed  results.  However,  the  pseudo-spectral  displacement  for 
EQ  26  is  0.201  inches,  as  compared  to  0.249  inches  for  EQ  27.  Thus,  although  the  PGA 
decreases  from  EQ  26  to  EQ  27,  changes  in  the  frequency  content  of  the  ground  motion  result  in 
an  increase  in  the  PSD  from  EQ  26  to  EQ  27.  In  fact,  the  increase  in  the  PSD  is  roughly  25%, 
which  is  about  the  same  increase  in  the  recorded  displacement  response  from  EQ  26  to  EQ  27. 
Since  any  change  in  displacement  response  in  the  Y  direction  from  EQ  26  to  EQ  27  can  be 
accounted  for  by  the  change  in  the  character  of  the  ground  motion,  it  appears  that  the  Y-Axis 
response  observed  in  EQ  25  is  not  present  in  EQ  27.  As  was  discussed  in  the  previous  paragraph, 
the  Y-Axis  response  in  EQ  25  was  previously  observed  to  be  a  resonant  response  due  to  the  table 
control  problem.  However,  EQ  27  featured  a  biaxial  ground  motion,  thus  no  control  problem  was 
present,  and  the  observed  resonant  response  in  EQ  25  would  not  be  present  in  EQ  27.  Thus,  the 
expected  response  of  a  system  responding  linearly  is  observed. 

In  EQ  28,  the  first  test  in  this  configuration  that  features  inelastic  response,  the  model  structure 
was  subjected  to  100%  Imperial  Valley  input  motion  along  both  the  X-Axis  and  Y-Axis  [PGAx  = 
1.1 15  g  and  PGAy  =  0.71 1  g]  and  structural  response  plots  are  shown  in  Figure  6.8.  The  peak 
displacements  of  the  structure  were  2.59  inches  in  the  X  direction  and  1 .44  inches  in  the  Y 
direction,  which  are  both  larger  than  the  yield  displacements.  The  peak  rotation  of  the  structure 
was,  at  18.26  x  10'^  radians,  larger  than  the  yield  rotation.  The  peak  base  shears,  which  are  36.48 
kips  in  the  X  direction  and  33.61  kips  in  the  Y  direction,  verify  the  inelastic  response  but  they 
also  demonstrate  the  overstrength  of  the  structure,  as  the  peak  shears  are  both  nearly  twice  the 
yield  shears.  Figure  6.9  shows  the  base  shear  vs.  displacement  plots  and  torsional  moment  vs. 
rotation  plot,  which  are  no  longer  tight  and  linear  but  now  are  taking  on  a  fuller  shape,  indicating 
inelastic  behavior.  Both  the  X-Axis  shear  vs.  displacement  loop  and  the  moment  vs.  rotation  loop 
exhibit  a  very  large  inelastic  excursion. 
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The  acceleration  response  of  the  diaphragm  divided  by  the  peak  ground  acceleration  (PGA)  is 
shown  in  Table  6.4  as  the  normalized  acceleration.  In  EQ  27,  with  10%  Biaxial  input  motions, 
the  normalized  acceleration  response  of  the  diaphragm  is  3.42  in  the  X  direction  and  4.29  in  the  Y 
direction.  The  input  groimd  motions  are  increased  by  approximately  a  factor  of  10  in  EQ  28,  but 
the  acceleration  response  of  the  diaphragm  only  increases  by  about  3  in  the  X  direction  and  3.6  in 
the  Y  direction.  This  is  illustrated  in  the  normalized  acceleration  response  of  the  diaphragm, 
which  is  0.93  in  the  X  direction  and  1.35  in  the  Y  direction.  Also,  although  the  input  motions  are 
increased  by  a  factor  of  approximately  10,  the  angular  acceleration  response  of  the  diaphragm 
increases  from  EQ  27  to  EQ  28  by  only  a  factor  of  about  5.  Both  of  these  trends  verify  the 
expected  inelastic  behavior  of  the  structure  in  EQ  28.  Because  the  base  shears  are  roughly 
proportional  to  the  diaphragm  accelerations,  the  same  trends  can  be  observed  by  comparing  the 
peak  base  shears  to  the  peak  groimd  accelerations. 

It  is  interesting  to  note  that  although  the  test  structure  experiences  a  rotational  ductility  of  nearly  3 
for  this  simulation,  the  peak  torsional  moment  is  927.5  kip-inches.  The  yield  moment,  as  seen  in 
Figure  6.14,  is  1356  kip-inches  for  this  model  configuration.  Thus,  the  peak  torsional  moment 
experienced  by  the  structure  is  approximately  two-thirds  of  the  yield  moment,  but  the  structure 
has  a  rotational  ductility  greater  than  one.  The  simultaneous  lateral  motion  of  the  structure 
interacts  with  the  torsional  motion  by  producing  a  large  amoimt  of  column  yielding  that  would  be 
present  even  without  the  torsion,  allowing  the  structure  to  experience  much  larger  rotations  than  it 
would  when  subjected  to  torsion  alone.  Each  of  the  four  columns  provides  strength  and  stiffness 
in  both  the  X  and  Y  directions.  The  stiffness  of  the  model  in  the  X  and  Y  directions  working 
together  produces  the  torsional  stiffhess  of  the  structure.  When  one  of  the  columns  yields,  it  loses 
stiffness  in  both  directions  and  consequently  loses  stiffiiess  torsionally  as  well. 

The  final  earthquake  simulation  for  this  configuration,  EQ  29,  features  150%  Imperial  Valley 
input  motion  along  both  the  X-Axis  and  Y-Axis  [PGAx  =  1.629  g  and  PGAy  1.121  g].  EQ  29 
is  the  only  simulation  in  this  configuration  that  begins  with  pre-existent  damage  and  yielding. 
From  Table  6.1,  which  shows  the  modal  frequencies  and  damping  ratios  before  EQ  25  and 
following  EQ  29,  it  can  be  seen  that  the  modal  frequencies  of  the  structure  do  not  change  in  any 
meaningful  way  during  this  configuration.  Thus,  the  pre-existent  damage  from  EQ  28  appears  to 
have  no  effect  on  the  stiffhess  of  the  structure.  Table  6.1  also  shows  that  the  damping  ratios  did 
change  noticeably  during  this  configuration,  which  implies  that  the  damping  ratios  of  the 
structure  following  EQ  28  might  also  have  changed  fi-om  the  beginning  of  the  configuration.  The 
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damping  ratios  are  still  small,  however,  in  comparison  to  the  damping  effect  produced  by  the 
hysteretic  behavior  during  the  inelastic  simulation  EQ  29. 

Time  history  plots  of  the  structural  response  are  shown  in  Figure  6.10.  The  peak  displacements 
of  the  structure  were  4.84  inches  in  the  X  direction  and  4.48  inches  in  the  Y  direction,  and  34.58 
X  10'^  radians  in  the  Z  direction.  The  peak  base  shears  were  40.44  kips  in  the  X  direction  and 
40.49  kips  in  the  Y  direction.  The  base  shears  in  EQ  29  are  approximately  10%  larger  than  those 
in  EQ  28,  despite  the  fact  that  the  input  motions  have  been  increased  by  50%.  With  EQ  29,  as 
shown  in  Figure  6.1 1,  the  base  shear  vs.  displacement  hysteresis  loops  exhibit  a  very  full,  smooth 
shape,  indicating  a  large  degree  of  inelastic  behavior,  as  is  expected.  Substantially  more  inelastic 
energy  dissipation  was  observed  for  this  test  than  for  EQ  28.  The  torsional  moment  vs.  rotation 
loop  has  become  more  full  as  compared  with  EQ  28,  but  the  shape  is  somewhat  erratic  as 
compared  with  the  base  shear  vs.  displacement  loops.  Contrary  to  EQ  25  -  27,  a  small  amount  of 
residual  displacement  is  evident  after  EQ  28,  as  seen  in  Figure  6.8.  The  permanent  displacement 
increases  substantially  in  EQ  29,  as  seen  in  Figure  6.10. 

The  displacement  response  of  the  diaphragm  normalized  by  the  peak  ground  acceleration  (PGA) 
is  shown  in  Table  6.3.  In  EQ  27,  with  10%  Biaxial  input  motions,  the  relative  displacement  of 
the  diaphragm  is  2.65  in/g  in  the  X  direction,  and  3.73  in/g  in  the  Y  direction.  The  input  groimd 
motions  are  increased  to  100%  Biaxial  in  EQ  28,  but  the  normalized  displacement  decreases 
slightly  in  the  X  direction  to  2.32  in/g  and  decreases  more  noticeably  in  the  Y  direction  to  2.03. 
Also,  in  moving  from  EQ  27  to  EQ28,  the  diaphragm  rotation  increases  on  a  relatively 
proportional  level  with  the  input  motion  increase.  In  EQ  29,  the  input  motions  are  increased  to 
150%  Biaxial,  and  the  normalized  displacement  response  of  the  diaphragm  is  2.97  in/g  in  the  X 
direction  and  3.99  in/g  in  the  Y  direction.  Thus,  in  EQ  29  the  ground  motion  was  increased  by 
50%  and  the  base  shear  increased  by  about  10%  from  those  in  EQ  28,  while  the  displacement 
response  nearly  doubled  in  the  X  direction  and  more  than  tripled  in  the  Y  direction.  Also,  the 
maximum  rotation  nearly  doubles  from  EQ  28  to  EQ  29,  while  the  input  motions  increase  by  only 
50%.  Although  it  is  expected  that  the  effective  period  of  the  structure  will  increase  during 
inelastic  response,  the  elastic  displacement  response  spectra  for  EQ  28,  as  shown  in  Figure  6.16, 
indicates  that  the  displacement  response  may  increase  or  decrease  as  the  period  increases  from  the 
natural  period  of  about  0.29  seconds,  depending  on  the  actual  change  in  the  effective  period  of  the 
structure.  The  displacement  response  spectrum  gives  the  peak  displacement  response  as  a 
function  of  the  period  of  the  structure.  During  the  parts  of  the  response  when  yielding  is 
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occurring,  the  period  of  the  structure  increases  in  a  complex,  non-predictable  manner,  which 
makes  it  impossible  to  accurately  predict  the  peak  response  using  the  response  spectra.  Thus,  the 
normalized  displacement  response  decreases  as  the  period  of  the  stmcture  increases  in  moving  to 
inelastic  behavior,  from  EQ  27  to  EQ  28,  and  then  the  normalized  displacements  increase  as  the 
period  of  the  structure  increases  further.  Although  not  predictable,  this  behavior  is  not 
inconsistent  with  the  displacement  response  spectra  for  this  configuration. 

Another  indicator  of  the  softening  of  the  structure  is  the  ratio  of  the  torsional  displacement  to  the 
base  shear.  As  yielding  occurs,  we  expect  to  see  displacements  increase  to  a  greater  degree  than 
the  inertial  forces.  This  is  verified  by  the  fact  that  the  torsional  displacement  to  base  shear  ratio  is 
approximately  3.5  times  larger  for  EQ  28  than  for  EQ  27.  Further,  for  EQ  29  the  ratio  is  more 
than  5  times  larger  than  for  EQ  27. 

As  the  inelastic  behavior  of  a  stmcture  is  typically  predicted  based  on  an  elastic  analysis  in 
design,  it  is  important  to  know  whether  the  ratio  of  peak  torsional  to  translational  displacement 
can  be  extended  from  elastic  to  inelastic  response.  The  ratio  of  the  peak  torsional  displacement  to 
the  translational  displacement  for  the  10%  Biaxial  test  is  1.27,  using  the  X-Axis  displacement. 

For  the  100  %  Biaxial  test,  the  torsional  to  translational  displacement  ratio  is  1.34,  and  for  the  150 
%  simulation,  the  ratio  is  1.33.  Thus,  the  difference  between  the  elastic  and  inelastic  response  is 
approximately  5%.  For  this  configuration,  the  translational  displacement  used  in  these  ratios  was 
along  the  X-Axis  as  the  mass  eccentricity  was  along  the  Y-Axis. 


6.3  Dynamic  Characterizations  of  the  Model 


Prior  to  performing  any  shaketable  simulations  using  the  earthquake  input  motions,  white  noise, 
sine  sweep,  and  sine  decay  tests  were  performed,  as  discussed  in  Chapter  3.  This  general  pattern 
was  followed  for  Test  Configuration  4,  as  can  be  seen  in  Table  6.2.  In  addition,  white  noise  tests 
were  perfonned  immediately  after  both  earthquake  simulations  exhibiting  inelastic  behavior,  EQ 
28  and  EQ  29. 

The  dynamic  properties  of  the  test  stmcture,  as  measured  before  EQ  25  and  after  EQ  29,  are 
shown  in  Table  6.1.  The  results  in  Table  6.1  indicate  that  despite  the  inelastic  behavior  in  EQ  28 
and  EQ  29,  no  meaningful  permanent  softening  of  the  stmcture  took  place.  The  damping,  on  the 
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other  hand,  did  increase  noticeably  by  the  end  of  the  final  simulation.  The  structure  experienced 
a  significant  amount  of  inelastic  behavior  during  the  final  two  simulations,  which  most  likely 
began  to  produce  micro-cracking  at  the  column-base  plate  welded  interface. 


6.4  Observed  Condition  of  the  Structure 


In  inspecting  the  model  structure  for  fracture  in  the  weld  or  in  the  base  material,  none  was  found 
for  Test  Configuration  4.  In  observing  the  structure  condition  after  EQ  28,  the  formation  of 
plastic  hinges  near  the  tops  and  bottoms  of  the  columns  was  becoming  discemable.  Following 
the  completion  of  EQ  29,  permanent  plastic  damage  in  the  colxunns  was  evident,  with  the 
locations  of  the  plastic  hinges  in  the  columns  becoming  very  clear.  Figures  6.19  and  6.20  are 
photographs  of  the  test  structure  taken  before  the  earthquake  simulations  were  performed. 
Figures  6.21  and  6.22  are  photographs  of  the  test  structure  taken  after  the  final  earthquake 
simulation  in  this  configuration,  EQ  29,  illustrating  the  inelastic  behavior  and  permanent  damage 
of  the  structure.  Figure  6.23  also  shows  the  formation  of  plastic  hinges  near  the  top  and  bottom 
of  the  column. 


6.5  Finite  Element  Analysis 


During  the  earthquake  simulations  employing  the  larger  scale  input  motions,  the  structural 
response  exhibits  both  geometric  and  material  nonlinearities,  both  of  which  Abaqus  and  Drain- 
3DX  can  model.  A  more  complete  discussion  of  the  applicable  features  of  Abaqus  and  Drain- 
3DX  is  presented  in  Chapter  3,  in  addition  to  some  aspects  of  the  finite  element  model  that  are 
common  throughout  each  test  configuration. 

(A)  Pipe  Column  Material  Model 

The  pipe  columns  used  in  Test  Configuration  4,  as  well  as  those  used  in  Test  Configurations  1-3, 
were  produced  fi’om  the  same  batch  of  raw  pipe  column  lengths.  The  material  models  of  the  pipe 
colunms  in  these  four  test  configurations  were  based  on  the  stress-strain  data  produced  during 
each  coupon  tension  test.  Figures  6.24  and  6.25  show  both  the  original  stress-strain  data  recorded 
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during  the  coupon  tension  tests  and  the  best-fit  material  model  used  in  the  Abaqus  and  Drain- 
3DX  finite  element  analyses,  respectively.  Shown  in  Table  6.8  are  the  numerical  stress-strain 
best-fit  Abaqus  model  data.  Shown  in  Table  6.9  are  the  numerical  stress-strain  best-fit  Drain- 
3DX  model  data. 


(B)  Finite  Element  Model 

The  Abaqus  and  Drain-3DX  finite  element  models  employed  to  analyze  the  behavior  of  Test 
Configuration  4  are  shown  in  Figures  6.26  and  6.27,  respectively.  Beyond  the  features  of  the 
finite  element  model,  which  are  common  throughout  each  test  configuration  and  are  discussed  in 
Chapter  3,  these  figures  illustrate  the  location  and  magnitudes  of  the  nodal  masses  and  the  height 
of  the  Non-Rigid  Links.  For  the  Abaqus  model,  the  nodal  masses  placed  at  each  of  the  four 
comers  of  the  diaphragm  have  a  magnitude  of  1.706  lb*sVin.  Two  of  the  interior  masses,  the 
northeast  and  southeast  interior  masses,  each  have  a  magnitude  of  35.163  lb*s^/in.  The  other  two 
interior  masses,  located  on  the  west  side  of  the  diaphragm,  have  magnitudes  of  5.283  lb*s^/in. 
The  height  of  the  finite  element  model  diaphragm  in  this  test  configuration  is  67.804  inches, 
which  thus  produces  a  length  of  7.804  inches  for  each  of  the  four  Non-Rigid  Links.  The  nodal 
masses  placed  at  the  four  diaphragm  comers  have  magnitudes  of  1.943  lb*sVin.  The  southeast 
and  northeast  interior  masses  have  magnitudes  of  38.321  lb*s^/in,  while  the  southwest  and 
northwest  masses  have  magnitudes  of  3.033  lb*sVin.  The  height  of  the  finite  element  model 
diaphragm  is  68.362  inches,  which  results  in  a  length  of  8.362  inches  for  the  Non-Rigid  Links. 


(c)  Observed  Response 

Displacement  histories  for  both  Abaqus  and  Drain-3DX  analyses  along  the  X-  and  Y-Axis  and 
rotation  histories  about  the  Z-Axis  are  provided  for  the  10%  Biaxial  simulation  [PGAx  =  0.102  g 
and  PGAy  =  0.062  g]  in  Figures  6.28  -  6.31,  the  100%  Biaxial  simulation  [PGAx  =  1-1 15  g  and 
PGAy  =  0.71 1  g]  in  Figures  6.32  -  6.35,  and  the  150%  Biaxial  simulation  [PGAx  =  1.629  g  and 
PGAy  =  1.121  g]  in  Figures  6.36  -  6.39.  Shown  in  Figures  6.40  -  6.43  are  displacement  histories 
for  the  100%  and  150%  Biaxial  simulations  utilizing  an  Abaqus  finite  element  model  with  an 
isotropic  material  model.  Table  6.10  lists  the  maximum  peak  relative  displacements  in  the  X  and 
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Y  directions  and  the  peak  rotation,  and  the  corresponding  PGAs,  for  the  three  earthquake 
simulations  listed  above. 

(D)  Observed  response  discussion 

In  Figures  6.28  -  6.31,  the  displacement  and  rotation  response  histories  for  EQ  27  [PGAx  =  0.102 
g  and  PGAy  =  0.062  g]  can  be  seen  for  both  the  test  structure  and  the  finite  element  model.  For 
both  displacements  and  the  rotation,  the  frequency  contents  of  the  response  histories  in  the 
Abaqus  and  Drain-3DX  simulations  match  the  test  data  very  well.  As  seen  in  Table  6.10,  the 
maximum  relative  displacements  in  both  directions  of  the  Abaqus  finite  element  model  match  the 
test  data  fairly  well,  agreeing  to  within  10%  in  the  X  direction  and  within  5%  in  the  Y  direction. 
The  Drain-3DX  simulations  also  match  the  test  data  well,  with  differences  about  4%  in  the  X 
direction  and  13%  in  the  Y  direction.  With  both  the  Abaqus  and  Drain-3DX  models,  the  peak 
displacements  appear  to  occur  in  the  same  time  region  for  both  the  finite  element  model  and  the 
test  structiue.  The  peak  rotation  in  the  Abaqus  model  agrees  to  within  14%  with  the  test  data, 
while  the  Drain-3DX  results  only  agree  to  within  23%. 

In  visually  inspecting  the  response  plots,  it  is  apparent  that  the  damping  characteristics  of  the 
Abaqus  and  Drain-3DX  models  do  not  match  as  well  with  the  test  structure  as  does  the  firequency 
content.  In  computing  the  damping  ratios  of  the  test  structure  using  the  sine  decay  tests,  the  test 
structure  was  found  to  have  a  damping  ratio  0.47%  in  the  X  direction  and  0.87%  in  the  Y 
direction.  Thus,  although  both  damping  ratios  are  very  small,  the  damping  in  the  Y  direction  is 
nearly  twice  that  in  the  X  direction.  As  discussed  in  Chapter  4,  both  Abaqus  and  Drain-3DX 
present  limitations  on  the  ability  to  independently  define  the  damping  ratio  in  the  X  and  Y 
directions.  In  developing  the  model  for  this  simulation,  a  compromise  was  found,  resulting  in  a 
damping  ratio  in  the  X  direction  that  was  larger  in  the  finite  element  models  than  in  the  test 
structure,  and  a  damping  ratio  in  the  Y  direction  that  was  smaller  than  in  the  test  structure.  Figure 
6.15,  the  elastic  response  spectra  in  the  X  direction  shows  response  spectra  for  0.4%,  0.8%,  1.2%, 
and  1.6%  damping,  which  is  roughly  the  range  of  damping  ratios  which  were  observed  for  all  of 
the  model  structures  without  bracing.  This  figure  serves  as  an  illustration  of  the  sensitivity  in 
acceleration  and  displacement  response  of  the  structure  to  the  amount  of  damping.  At  0.288 
seconds,  the  period  of  the  structure  in  the  X  direction,  PSA,  from  0.375  g  to  0.302  g,  and  PSD, 
from  0.304  inches  to  0.245  inches,  vary  by  nearly  20%  over  the  range  of  damping  from  0.4%  to 
1 .6%.  The  plots  in  Figure  6.28  and  6.30  of  the  displacement  response  histories  clearly  illustrate 
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this  modeling  problem.  In  the  X  direction,  the  displacement  response  in  the  Abaqus  model  is 
clearly  damped  to  a  larger  degree  than  the  test  structure  displacement  response.  And,  in  the  Y 
direction  plots,  the  displacement  response  in  the  Abaqus  model  is  damped  to  a  smaller  degree 
than  the  test  structure  displacement  response. 

In  Figures  6.32  -  6.35,  the  displacement  and  rotation  response  histories  for  EQ  28  [PGAx  =1.115 
g  and  PGAy  =  0.71 1  g]  can  be  seen  for  both  the  test  stmcture  and  the  finite  element  model.  For 
both  displacements  and  the  rotation,  the  frequency  contents  of  the  response  histories  in  the 
Abaqus  and  Drain-3DX  simulations  match  the  test  data  fairly  well.  In  the  X  direction,  the 
magnitude  of  the  displacement  also  matches  very  well.  For  both  the  Y  direction  motion  and  the 
rotation,  the  Abaqus  simulations  predict  smaller  peak  displacements  at  a  number  of  points  in  the 
time  history  and  a  lesser  degree  of  permanent  deformation.  For  this  simulation,  it  appears  that  the 
Drain-3DX  model  does  a  slightly  better  job  of  matching  the  response  history  than  the  Abaqus 
model.  As  seen  in  Table  6.10,  the  peak  displacements  in  the  X  direction  agree  to  within  3%  for 
the  Abaqus  model,  while  the  peak  displacements  in  the  Y  direction  agree  to  within  only  20%. 

The  Abaqus  rotation  differs  from  the  test  data  by  nearly  30%.  The  Drain-3DX  model  predicts  the 
maximum  displacements  in  the  X  and  Y  directions  to  within  2%  and  6%  of  the  actual  response. 
Despite  the  rotation  typically  being  the  most  difficult  to  predict,  in  this  simulation  the  Drain-3DX 
model  agrees  to  within  1%  of  the  actual  peak  rotation.  These  same  trends  continue  in  the 
response  histories  for  EQ  29  [PGAx  =  1.629  g  and  PGAy  =  1.121  g],  the  150%  simulation,  shown 
in  Figures  6.36  -  6.39.  The  peak  displacement  in  the  Y  direction  and  the  peak  rotations  are 
actually  in  better  agreement  for  EQ  29  with  the  Abaqus  model,  with  differences  of  only  10%  and 
24%,  respectively,  while  the  X  direction  displacement  matches  to  within  1%.  This  despite  the 
fact  that  EQ  29  is  a  more  difficult  test  for  the  finite  element  model  to  simulate.  The  peak 
displacements  in  the  X  and  Y  directions  for  the  Drain-3DX  model  agree  to  within  23%  and  13%, 
noticeably  worse  than  for  EQ  28.  The  peak  rotation  still  matches  the  test  data  fairly  well,  to 
within  8%. 

The  Abaqus  simulations  shown  in  Figures  6.32  —  6.33  and  6.36  -  6.37  each  utilize  a  combined 
nonlinear  isotropic/kinematic  hardening  model,  as  described  in  Chapter  3.  Figures  6.40  -  6.43 
show  the  same  two  simulations,  EQ  28  and  EQ  29,  performed  with  an  isotropic  hardening  model 
only.  Intuitively,  it  would  seem  that  the  material  post-yield  behavior  would  be  very  important  in 
predicting  response  in  a  highly  inelastic  system.  In  Figure  6.42,  the  Y  Axis  response  appears  to 
bear  this  out,  as  Abaqus  predicts  very  little  permanent  deformation,  while  the  simulation  utilizing 
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the  combined  hardening  model  is  fairly  accurate  in  predicting  the  true  permanent  deformation  of 
more  than  4  inches.  However,  in  looking  at  the  X  Axis  response,  the  simulation  utilizing 
isotropic  material  hardening  only  is  nearly  as  accurate  as  the  simulation  with  a  combined  material 
hardening  model.  The  rotational  response,  as  seen  in  Figures  6.41  and  6.43,  is  somewhere  in 
between,  as  it  is  not  as  accurate  as  the  X-Ajcis  response  but  not  as  inaccurate  as  the  Y-Axis 
response. 

For  the  hardening  model  for  these  simulations,  it  was  assumed  that  the  isotropic  part  of  the 
hardening  would  compose  30%  of  the  total  hardening.  This  figure  was  chosen  through 
calibration  to  the  response  of  the  symmetric  models  studied  in  earlier  chapters.  In  the  elastic 
Abaqus  simulations,  the  inability  to  define  damping  independently  in  the  X  and  Y  directions 
resulted  in  the  overestimation  of  the  displacement  in  one  direction  and  the  underestimation  in  the 
other  direction.  This  modeling  problem  became  a  non-issue  in  EQ  28  and  EQ  29,  as  the  damping 
behavior  caused  by  yielding  of  the  structure  overwhelmed  any  inherent  elastic  damping  in  the 
structure. 


6.6  Summary  AND  Conclusions 

In  Chapters  4  and  5,  the  Modified  jMR  Ratio  was  discussed.  This  ratio  gives  a  measure  of  the 
amount  of  ductility  the  2000  NEHRP  Seismic  Provisions  expects  a  particular  structure  to 
experience  and  thus  for  which  it  must  be  designed.  In  the  previous  two  chapters,  the  Modified 
li/R  Ratio  was  computed  as  the  normalized  displacement  in  an  inelastic  test  divided  by  the 
normalized  displacement  during  an  elastic  test.  The  ^R  Ratio  can  also  be  defined  as  the  ratio  of 
the  normalized  rotation  during  an  inelastic  simulation  to  the  normalized  rotation  during  an  elastic 
simulation.  For  EQ  28,  the  first  inelastic  simulation  in  this  configuration,  the/^i^  Ratios  are 
shown  below  and  were  0.90  in  the  X  direction,  0.51  in  the  Y  direction,  and  1.07  torsionally.  As 
with  EQ  15,  the  first  inelastic  simulation  with  complete  symmetry,  discussed  in  the  previous 
chapter,  these  values  are  not  very  consistent.  For  EQ  15,  the  jj/R  Ratios  were  1.37  in  the  X 
direction,  0.86  in  the  Y  direction,  and  0.84  torsionally. 
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p/R  Ratio 

Configuration 

EQ 

X-Axis 

Y-Axis 

Z-Axis 

Symmetric  Mass 

1 00%  Uniaxial 

7 

N/A 

0.77 

N/A 

Symmetric  Mass 

100%  Biaxial 

15 

1.37 

0.86 

0.84 

Symmetric  Mass 

150%  Biaxial 

16 

1.77 

1.83 

1.08 

Vi  Asymmetric  Mass 
100%  Biaxial 

28 

0.90 

0.51 

1.07 

%  Asymmetric  Mass 
150%  Biaxial 

29 

1.17 

1.03 

1.39 

The  Seismic  Provisions  provides  a  range  of  0.86  to  0.69  for  an  Ordinary  Moment  Resisting  Frame 
(OMRF)  and  a  Special  Moment  Resisting  Frame  (SMRF),  respectively.  Thus,  the  /j/R  Ratio 
appears  to  be  more  conservative  for  the  X  and  Y  directions  but  less  so  for  the  torsional  motion. 
For  EQ  29,  the  second  inelastic  simulation  in  this  configuration,  fj/R  Ratios  \vere  1.17  in  the  X 
direction,  1.03  in  the  Y  direction,  and  1.39  torsionally.  For  EQ  16,  an  earthquake  simulation  of 
relatively  equal  magnitude  but  with  no  eccentricity,  discussed  in  Chapter  5,  the  Modified /J/R 
Ratios  were  1.77  in  the  X  direction,  1.83  in  the  Y  direction  and  1.08  torsionally.  The  values  for 
this  configuration  again  are  more  conservative  in  the  X  and  Y  directions  than  those  for  the 
symmetric  configuration,  and  again  the  value  torsionally  is  less  conservative  than  for  the 
symmetric  configuration.  Each  of  the  values  for  EQ  29  is  still  greater,  by  at  least  20%,  than  those 
prescribed  by  the  Seismic  Provisions,  and,  as  in  the  previous  test  configuration,  the  p/R  Ratios 
have  changed  fi-om  one  inelastic  simulation  to  the  next  inelastic  simulation.  The  emerging 
pattern  with  respect  to  the  p/R  Ratio  is  that  it  is  not  constant  for  differing  test  configurations, 
earthquake  magnitudes,  and  component  directions.  In  addition,  it  appears  to  be  consistently 
larger  than  the  range  of  p/R  Ratios  prescribed  by  the  2000  NEHRP  Seismic  Provisions. 

In  Chapter  5,  the  ratio  of  the  two  peak  lateral  displacements,  uy/  Mx,was  discussed.  It  was  shown 
that  the  design  assumption  of  a  constant  p/R  Ratio  used  in  the  Seismic  Provisions  implies  that  the 
uy/ux  ratio  remains  constant  regardless  of  elastic  or  inelastic  response,  and  regardless  of  the 
degree  of  eccentricity.  In  addition,  these  design  assumptions  also  imply  that  the  ratio  of  the  peak 
rotation  to  the  peak  lateral  displacement  remains  constant.  Without  these  assumptions. 
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independent  values  of  Q,  or  //,  would  need  to  be  specified.  For  elastic  response,  the  Seismic 
Provisions  define  the  seismic  base  shear,  Vg,  and  torsional  moment,  Mg,  as 
V,  =  PSA^*W  and  M^  =  V,*e 
where  e  is  the  eccentricity  of  the  structure.  The  elastic  peak  displacement  and  rotation  are 
defined  as 


= 


—  and 

K 


9.= 


K, 


where  K  is  the  lateral  stiffiiess  and  the  torsional  stiffness.  The  elastic  rotation  can  also  be 
written  as 


^  _M^  _V^^e _Ku^^e 

and  therefore  the  ratio  of  elastic  rotation  to  lateral  displacement  can  be  written  as 
— — *  e 

For  inelastic  response,  the  Seismic  Provisions  define  the  seismic  base  shear y  Vj,  and  torsional 
momenty  Mj,  as 


and  M.=K*e 

'  R 

The  inelastic  deformation  and  rotation  are  defined  as 


F.  M. 

u=C.^  and  Oi=C^  — 

e  a  i  a  r/- 


K 


K, 


The  inelastic  rotation  can  also  be  written  as 


^  M,  ^  Vi*e  KUj*e 
9,  Lrf  ■ 


K, 


Kg, 


Kg, 


and  therefore  the  ratio  of  inelastic  rotation  to  inelastic  lateral  displacement  can  be  written  as 

(9,  K 

— = — *  e 
u,  Kg, 


Thus, 


u,  u, 


271 


If  ^is  multiplied  by  a/2,  or  the  distance  from  the  center  to  the  outer  edge  of  the  diaphragm,  the 
result  is  the  portion  of  the  edge  displacement  due  solely  to  the  torsion  of  the  diaphragm,  tie- 
Therefore,  the  above  equality  can  be  rewritten  as 

Ue  W, 

For  EQ  27  in  this  test  configuration,  the  uy/ux ratio  is  0.85,  as  shown  below.  For  EQ  28,  the  first 
inelastic  simulation,  the  ratio  drops  to  0.5 1 ,  a  decrease  of  over  40%.  This  result  is  similar  to  that 
observed  for  EQ  15  in  the  previous  configuration.  Like  EQ  15,  the  displacement  ductility  in  the 
X  direction  for  EQ  28  is  much  larger  than  the  ductility  in  the  Y  direction,  by  a  factor  of  more  than 
two. 


Configuration 

EQ 

Uy/ux 

Uff/Ux 

Symmetric  Mass 

25%  Biaxial 

14 

0.73 

N/A 

Symmetric  Mass 

1 00%  Biaxial 

15 

0.43 

N/A 

Symmetric  Mass 

150%  Biaxial 

16 

0.80 

N/A 

Vz  Asymmetric  Mass 

10%  Biaxial 

27 

0.86 

0.29 

Vi  Asymmetric  Mass 

100%  Biaxial 

28 

0.51 

0.35 

V2  Asymmetric  Mass 

150%  Biaxial 

29 

0.85 

0.35 

For  EQ  29,  the  second  inelastic  simulation,  the  ratio  of  wy/i/A- increases  to  0.85,  which  is  identical 
to  that  observed  for  EQ  27.  Also  similar  to  EQ  27  is  the  displacement  ductility  in  the  X  direction 
proportionally  to  that  in  the  Y  direction,  both  being  about  25%  larger  in  the  X  direction.  Thus,  it 
appears  that  the  phenomenon  observed  in  the  previous  configuration  is  present  again,  with  the 
structure  yielding  and  losing  stiffness  at  different  rates  in  the  X  and  Y  directions.  With  EQ  29, 
the  structure  has  traveled  further  along  the  force-displacement  curve  to  the  point  where  the 
structure  has  lost  roughly  an  equal  amount  of  stiffness  in  each  direction.  As  with  the  previous 
configuration,  the  uy/ux  ratio  for  the  150%  Imperial  Valley  simulations  matches  very  well  with 
the  uy/  ux  ratio  for  the  elastic  simulations.  However,  while  the  structure  is  moving  along  the 


yield  path  to  get  to  the  150%  Imperial  Valley  state,  the  lateral  stiffnesses  and  thus  the 
deformations  can  change  at  varying  rates,  causing  the  uy/  ux  ratio  to  change. 

For  EQ  27,  the  last  elastic  simulation,  the  ug/ ux ratio  is  0.29.  For  EQ  28  and  EQ  29,  the  two 
inelastic  simulations,  the  Ug/ Uxratio  is  about  0.35.  Thus,  the  Ug/ Ux  ratio  is  roughly  20%  larger 
for  the  inelastic  simulations  than  for  the  elastic  simulations,  but  it  is  equal  for  the  two  inelastic 
simulations.  The  large  “dip”  in  the  uy/ux  ratio  for  EQ  28  does  not  appear  to  be  present  for  the  ug 
/ Uxratio.  In  this  configuration,  the  asymmetry  is  one-way  only,  with  torsional  motion  primarily 
produced  by  X-Axis  lateral  motion.  Thus  the  ug  and  ux  displacements  are  much  more  tightly 
coupled  than  the  My  and  m^  displacements  are,  if  they  are  at  all.  In  addition,  any  reduction  in 
stiffiiess  due  to  yielding  in  the  X  direction  will  have  a  much  more  significant  impact  on  the 
torsional  stiffness  of  the  structure  than  on  the  stiffness  in  the  lateral  Y  direction.  Thus,  changes  in 
the  response  in  the  X  direction,  due  to  both  ground  motions  and  lateral  stiffness,  will  have  a  very 
pronounced  effect  on  changes  in  the  torsional  response,  to  a  much  greater  degree  than  any 
possible  effects  on  the  response  in  the  Y  direction.  Thus,  it  is  not  surprising  that  the  large  “dip” 
in  the  uy/ uxratio  for  EQ  28  does  not  necessarily  appear  to  be  present  in  the  ug/ Uxratio. 

The  time  history  analyses  performed  for  this  configuration  using  the  finite  element  programs 
Drain-3DX  and  Abaqus  were  generally  accurate  in  their  predictions  of  the  experimental  response. 
With  respect  to  the  low-level  linear  simulations,  Abaqus  consistently  predicted  peak 
displacements  more  accurately  than  did  the  Drain-3DX  analyses.  The  Abaqus  analyses  were  off 
by  roughly  10-20%,  while  the  Drain-3DX  analyses  were  typically  within  10%.  No  consistent 
pattern  emerged  as  to  why  some  of  the  elastic  analytical  simulations  were  more  accurate  than 
others.  The  Abaqus  analyses  proved  to  be  much  more  accurate  during  the  inelastic  simulations, 
on  average  off  by  only  3-4%.  The  Drain-3DX  analyses  were  typically  off  to  a  much  greater 
degree.  As  with  the  previous  configuration,  the  Abaqus  simulations  proved  to  be  significantly 
better  in  predicting  any  permanent  offset  of  the  structure,  including  any  permanent  rotation. 
However,  Drain-3DX  was  much  more  accurate  in  predicting  the  peak  rotation  of  the  structure,  off 
by  at  most  7%  during  the  inelastic  simulations.  Abaqus  predicted  peak  rotations  which  differed 
by  25-30%  from  the  experimental  values.  Overall,  Abaqus  appears  to  do  a  better  job  with  the 
analytical  predictions,  with  the  exception  of  the  peak  rotation,  in  which  case  Drain-3DX  was  very 
accurate. 
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Mass 

[lb*sVin] 

Mass  Centers  [in] 

Column  Properties 

n 

Zo 

A  [in^l 

I  (ini 

91.256 

0.0 

15.236 

68.362 

4.41 

9.61 

Modal  Frequencies  [Hz] 

Modal  Damping  [%] 

X 

Y 

e 

Y 

CD 

Before  EQ  25 

3.468 

B 

0.474 

0.873 

0.675 

After  EQ  29 

3.484 

7.288 

2.775 

2.805 

1.337 

Table  6. 1  Test  Structure  Dynamic  Properties  -  Test  Configuration  4 
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Input  Motions 

White  Noise  X-Axis 


Test  Designation 

WNT19 

WNT20  I  White  Noise  Y-Axis _ 

WNT2 1  White  Noise  Y aw- Axis 

SIN  10  Sine  Decay  X-Axis 

SIN  1 1  Sine  Decay  Y -Axis 

SIN  12  Sine  Decay  Y aw-Axis 

SWT  10  Sine  Sweep  X-Axis 

SWTl  1  Sine  Sweep  Y-Axis 

SWT  12  Sine  Sweep  Y aw-Axis 

EQ25  10%  X-Axis  Imperial  V alley 

EQ26  10%  Y-Axis  Imperial  Valley 

EQ27  10%  Biaxial  Imperial  Valley 

EQ28  100%  Biaxial  Imperial  Valley 

WNT22  White  Noise  X-Axis 

Wm23  WTiite  Noise  Y-Axis 

Wm24  WTiite  Noise  Yaw-Axis 

EQ29  1 50%  Biaxial  Imperial  V alley 

WrNT25  WTiite  Noise  X-Axis 

WnT26  WTiite  Noise  Y-Axis 

WTS1T27  WTiite  Noise  Yaw- Axis 

Table  6.2  Earthquake  Simulations  and  Dynamic  Characterization  Tests  -  Test  Configuration  4 
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E  [ksil  =  29000.0 


Stress  [ksi] 

Strain  [in/in] 

Plastic  Strain  [in/in] 

0.00000 

0.00000 

37.50000 

0.00108 

0.000000 

39.60000 

0.00300 

0.001863 

40.70000 

0.00500 

0.003831 

49.00000 

0.02000 

0.018593 

54.00000 

0.04000 

0.038449 

56.50000 

0.06000 

0.058378 

57.80000 

0.08000 

0.078340 

58.50000 

0.10000 

0.098320 

59.00000 

0.15000 

0.148306 

57.00000 

0.20000 

0.198363 

Table  6.8  Stress-Strain  Best-Fit  Material  Model  -  Test  Configuration  4 


E  [ksil  =29000.0 


Stress  [ksi] 

Strain  [in/in] 

0.00000 

0.00000 

37.50000 

0.001293 

39.60000 

0.003000 

49.00000 

0.020000 

56.50000 

0.060000 

58.50000 

0.100000 

Table  6.9  Drain-3DX  Stress-Strain  Best-Fit  Material  Model  -  Test  Configuration  4 
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Figure  6.1  Perspective  View  of  Test  Configuration  Model  4 
4  -  4”  Extra-Strong  Columns 
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Figure  6.9  Force  vs.  Displacement  and  Torsional  Moment  vs.  Rotation  -  EQ  28 
100%  Biaxial  Imperial  Valley  -  1/2  Asymmetric  Mass 
Four  4”  Extra-Strong  Columns 


Figure  6.10  Acceleration  and  Displacement  vs.  Time  -  EQ  29 
150%  Biaxial  Imperial  Valley  -  1/2  Asymmetric  Mass 
Four  4”  Extra-Strong  Columns 
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Figure  6.12  Force-Deformation  Response  -  Test  Configuration  4 
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Figure  6.14  Maximum  Force  vs.  Displacement  and  Maximum  Torsional  Moment  vs.  Rotation 
10%  - 150%  Biaxial  Imperial  Valley  -  1/2  Asymmetric  Mass 
Four  4”  Extra-Strong  Columns 
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Figure  6.17  Elastic  Response  Spectra  -  EQ  27  -  10%  Biaxial  Imperial  Valley  Ground  Motion 


299 


Displacement  [in] 


*<  3 

00  ^ 

Ah 


Figure  6.18  Elastic  Response  Spectra  -  EQ  28 
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Figure  6.20  Test  Structure  prior  to  Earthquake  Simulations 
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Figure  6.28  Abaqus  Analytical  Displacement  vs.  Time  -  EQ  27  -  10%  Biaxial  Imperial  Valley 
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Figure  6.30  Drain-3DX  Analytical  Displacement  vs.  Time  -  EQ  27  -  10%  Biaxial  Imperial  Valley 
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Figure  6.32  Abaqus  Analytical  Displacement  vs.  Time  -  EQ  28  -  100%  Biaxial  Imperial  Valley  -  Combined  Material  Hardening 


Figure  6.33  Abaqus  Analytical  Rotation  vs.  Time  -  EQ  28  -  100%  Biaxial  Imperial  Valley  -  Combined  Material  Hardening 
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Figure  6.34  Dram-3DX  Analytical  Displacement  vs.  Time  -  EQ  28  -  100%  Biaxial  Imperial  Valley 
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Figure  6.36  Abaqus  Analytical  Displacement  vs.  Time  -  EQ  29  -  150%  Biaxial  Imperial  Valley  -  Combined  Material  Har 
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Figure  6.38  DrainODX  Analytical  Displacement  vs.  Time  -  EQ  29  -  150%  Biaxial  Imperial  VaUey 
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Figure  6.39  Drain-3DX  Analytical  Rotation  vs.  Time  -  EQ  29  -  150%  Biaxial  Imperial  Valley 
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Figure  6.40  Abaqus  Analytical  Displacement  vs.  Time  -  EQ  28  -  100%  Biaxial  Imperial  Valley  -  Isotropic  Material  Hardening 
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Figure  6.42  Abaqus  Analytical  Displacement  vs.  Time  -  EQ  29  - 150%  Biaxial  Imperial  Valley  -  Isotropic  Material  Hardening 


CHAPTER  7 

EXPERIMENTAL  AND  ANALYTICAL  RESPONSE  OF 
TEST  CONFIGURATION  3 


This  chapter  provides  a  summary  of  the  experimental  test  data  and  the  finite  element  modeling  of 
Test  Configuration  3.  The  third  configuration,  as  seen  in  Figure  7.1,  featured  all  of  the  masses 
loaded  on  the  northeast  comer  of  the  diaphragm,  resulting  in  a  14  mass  asymmetry,  and  four  4” 
Extra-Strong  Columns.  The  dynamic  properties  of  the  test  structure  in  Test  Configuration  3  are 
shown  in  Table  7.1. 

Seven  earthquake  simulations  were  performed  with  this  test  configuration,  although  only  four 
will  be  discussed  here.  During  the  third  and  fourth  simulations,  EQ  20  and  EQ  21, 
instrumentation  problems  occurred  with  some  of  the  data  channels.  Thus,  EQ  22  was  performed 
as  a  repeat  of  EQ  20  and  EQ  21  once  the  problems  were  corrected.  During  the  seventh  and  final 
earthquake  simulation,  EQ  24,  the  test  aborted  less  than  halfway  through  due  to  the  shaketable 
reaching  its  displacement  limit  along  the  X-Axis.  Thus,  EQ  18—19  and  EQ  22  —  23  are  the  four 
earthquake  simulations  that  will  be  discussed  in  this  chapter.  In  addition  to  the  earthquake 
simulations,  characterization  tests  were  performed  to  determine  the  dynamic  properties  of  the 
model.  The  complete  test  sequence  for  Test  Configuration  3  is  shown  in  Table  7.2. 

The  first  three  earthquake  simulations,  EQ  18  with  10%  X-Axis  only  [PGAx  =  0.102  g],  EQ  19 
with  10%  Y-Axis  only  [PGAy  =  0.064  g],  and  EQ  22  with  10%  Biaxial  input  motions  [PGAx  = 
0.109  g  and  PGAy  =  0.066  g],  featured  only  elastic  behavior.  The  fourth  simulation,  EQ  23,  with 
100%  Biaxial  input  motions  [PGAx  =  1-299  g  and  PGAy  =  0.797  g],  was  the  initial  inelastic  test 
for  this  configuration. 

This  chapter  summarizes  response  data  of  the  test  structure  during  the  earthquake  simulations  and 
the  dynamic  characterization  tests.  Summaries  of  test  model  accelerations,  displacements, 
torsional  moments,  overturning  moments,  column  end  moments,  and  base  shears  are  provided. 
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7.1  Observed  Structural  Response 


The  diaphragm  acceleration  and  displacement  time  history  responses  for  the  10%  X-Axis 
simulation  are  shown  in  Figure  7.2.  The  base  shear  vs.  displacement  and  torque  vs.  rotation  are 
shown  in  Figure  7.3.  Similar  responses  for  the  10%  Y-Axis  simulation  are  shown  in  Figures  7.4 
and  7.5.  Results  for  the  10%  Biaxial  simulation  are  shown  in  Figures  7.6  and  7.7.  The  responses 
for  the  100%  Biaxial  simulation  are  shown  in  Figures  7.8  and  7.9. 

Tables  7.3  -  7.7  list  the  peak  recorded  diaphragm  relative  displacements  and  peak  diaphragm 
accelerations,  and  corresponding  PGA  for  each  of  the  four  earthquake  simulations  discussed  for 
this  test  configuration.  Also  listed  are  the  maximum  base  shears,  maximum  torsional  moments, 
maximum  overturning  moments,  maximum  column  end  moments  for  each  colxunn,  and 
maximum  column  end  shears  for  each  column. 


7.2  Observed  Response  Discussion 

The  calculated  force-deformation  behavior  of  the  structure  in  the  X  and  Y  directions  and  about 
the  Z-Axis  is  shown  in  Figures  7.10  and  7.1 1.  In  the  X  direction,  the  model  has  a  yield 
displacement  of  0.47  inches  at  a  yield  force  of  21.35  kips.  In  the  Y  direction,  the  model  has  a 
yield  displacement  of  0.53  inches  at  a  3deld  force  of  21 .35  kips.  The  model  has  a  yield  rotation  of 
0.0068  radians  at  a  yield  moment  of  1457  kip*inches.  Also,  elastic  response  spectra  of  the 
recorded  table  motions  for  EQ  18-19  and  EQ  22  -  23  are  shown  in  Figures  7.12  -  7.15, 
respectively.  The  modal  frequencies  for  this  configuration  with  respect  to  the  response  spectra 
are  also  indicated  in  Figures  7.12  -  7.15. 

The  first  earthquake  simulation  for  this  configuration,  EQ  18,  features  10%  Imperial  Valley  input 
motion  in  the  X-Axis  only  [PGAx  =  0.102  g].  Time  history  plots  of  the  response  are  shown  in 
Figure  7.2.  The  peak  displacements  were  0.175  inches  in  the  X  direction  and  0.1 12  inches  in  the 
Y  direction,  while  static  analysis,  using  the  elastic  response  spectrum,  predicts  0.210  inches  along 
the  X-Axis  and  no  displacement  along  the  Y-Axis.  The  peak  rotation  of  the  structure  was  0.85  x 
10'^  radians,  with  0.22  x  10'^  radians  predicted  by  static  analysis.  Verifying  the  elastic  response 
are  the  peak  base  shears  and  peak  torsional  moment,  which  are  8.44  kips  in  the  X  direction,  4.49 
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kips  in  the  Y  direction,  and  140.44  kip*inches  about  the  vertical  axis.  Figure  7.3  shows  the  base 
shear  vs.  displacement  plots  and  torsional  moment  vs.  rotation  plot,  which  are  all  tight  and  linear. 
As  there  is  a  mass  eccentricity  in  this  configuration  along  the  Y-Axis,  torsional  moments  and 
rotations  are  expected  with  input  motion  along  the  X-Axis.  Although  the  input  motion  for  EQ  25 
was  along  the  X-Axis  only,  Figure  7.2  shows  that  the  structure  did  have  a  displacement  response 
in  the  Y-Axis.  The  oscillatory  nature  of  the  response  appears  to  indicate  that  this  motion  is  a 
product  of  the  shaketable  control  problem  discussed  in  previous  chapters.  This  resonance  motion 
was  also  observed  for  Test  Configuration  4,  with  all  of  the  masses  loaded  on  the  east  side  of  the 
diaphragm.  In  Test  Configuration  4,  with  the  mass  eccentricity  along  the  Y-Axis  and  the 
structure  subjected  to  a  ground  motion  along  the  X-Axis,  response  was  observed  along  the  Y- 
Axis  as  well  as  the  X-Axis.  The  resonant  response  was  larger  for  this  configuration,  with  14  mass 
eccentricity,  than  for  Test  Configuration  4,  with  14  mass  eccentricity,  and  very  little  resonant 
response  was  observed  for  the  configurations  with  a  symmetric  mass  distribution.  Thus,  it 
appears  that  this  response  along  the  perpendicular  axis  due  to  a  single-axis  ground  motion 
depends  to  some  extent  on  the  degree  of  mass  eccentricity. 

In  EQ  19  the  model  is  subjected  to  a  10%  Y-Axis  input  motion  [PGAy  =  0.064  g].  Time  history 
plots  of  the  structural  response  are  shown  in  Figure  7.4.  The  peak  displacements  were  0.123 
inches  in  the  Y  direction,  0.039  inches  in  the  X  direction,  and  0.85  x  10'^  radians  about  the  Z- 
Axis.  The  peak  displacements  predicted  by  static  analysis  are  0. 123  inches  in  the  Y  direction  and 
0.46  X  10'^  radians  about  the  vertical  axis,  with  no  displacement  predicted  in  the  X  direction. 
Figure  7.5  shows  the  base  shear  vs.  displacement  plots  and  torsional  moment  vs.  rotation  plot. 
The  shear  vs.  displacement  plots  for  the  Y  and  X  directions  are  tight  and  linear.  The  shear  vs. 
displacement  plot  for  the  X  direction,  and  to  a  lesser  degree  the  Y  direction,  and  the  moment  vs. 
rotation  plot  indicate  that  due  to  the  low  response  level  for  this  test,  noise  in  the  data  acquisition 
system  is  present  and  noticeable.  Figure  7.4  indicates  that  the  resonant  motion  discussed  above  is 
present  in  this  simulation  as  well,  as  the  structure  responds  along  the  X-Axis  when  excited  by  a 
ground  motion  along  the  Y-Axis.  This  is  not  surprising  as  this  configuration  has  a  mass 
eccentricity  along  both  axes,  although  the  resonant  response  in  the  X  direction  for  this  simulation 
is  not  nearly  as  large,  relative  to  the  Y-Axis  response,  as  the  resonant  response  in  EQ  18.  The 
peak  X-Axis  displacement  is  roughly  30%  of  the  peak  Y-Axis  displacement,  while  in  EQ  18  the 
peak  Y-Axis  displacement  is  nearly  65%  of  the  peak  X-Axis  displacement.  As  the  structure 
possesses  the  same  amount  of  mass  asymmetry  along  each  axis,  the  differences  in  the  resonant 
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responses  must  result  from  the  different  characteristics  of  the  X-Axis  and  Y-Axis  ground 
motions. 

In  EQ  22  the  model  is  subjected  to  10%  Imperial  Valley  input  motions  along  both  the  X-Axis  and 
Y-Axis  [PGAx  =  0.109  g  and  PGAy  =  0.066  g].  Time  history  plots  of  the  structural  response  are 
shown  in  Figure  7.6.  The  peak  displacements  of  the  structure  were  0. 166  inches  in  the  X 
direction,  0.160  inches  in  the  Y  direction,  and  0.97  x  10“^  radians  torsionally.  The  peak 
displacements  predicted  by  static  analysis  are  0.214  inches  along  the  X-Axis,  0.158  inches  along 
the  Y-Axis,  and  0.90  x  10'^  radians  torsionally.  The  peak  base  shears  and  peak  torsional  moment 
are  7.81  kips  in  the  X  direction,  6.78  kips  in  the  Y  direction,  and  184.95  kip*inches  about  the 
vertical  axis.  Figure  7.7  shows  the  base  shear  vs.  displacement  plots  and  torsional  moment  vs. 
rotation  plot,  which  are  all  linear,  and  the  displacement  time  histories  indicate  no  residual 
displacement  or  permanent  deformation.  The  moment  vs.  rotation  plot  does  not  appear  as  tight  as 
the  shear  vs.  displacement  plots,  due  to  noise  from  the  data  acquisition  system. 

In  comparing  EQ  22  with  EQ  18,  the  addition  of  the  10%  Y-Axis  input  motion  results  in  little 
change  in  the  X-Axis  response  of  the  diaphragm,  as  the  peak  displacement  and  base  shear  are 
0.175  inches  and  8.44  kips  for  EQ  18  and  0.166  inches  and  7.81  kips  for  EQ  22.  Because  this 
configuration  has  an  eccentricity  in  the  both  directions,  the  addition  of  an  input  motion  and  thus 
response  in  the  Y  direction  should  add  to  the  torsional  effect.  This  is  verified  by  the  fact  that  the 
torsional  moment  does  increase  between  EQ  18  and  EQ  22.  It  is  also  of  interest  to  compare  the 
recorded  peak  ground  accelerations  (PGA)  and  resulting  pseudo-spectral  displacements  (PSD), 
which  give  a  measurement  of  the  displacement  response  as  a  fimction  of  the  ground  motion  and 
period  of  the  structure,  of  any  two  simulations.  As  shown  in  Table  7.3,  EQ  18  has  a  PGA  of 
0.102  g  while  EQ  22  has  a  PGA  of  0.109  g.  fri  addition,  in  referencing  Figures  7.12  and  7.14,  EQ 
18  has  a  PSD  of  0.21 1  inches  while  EQ  22  has  a  PSD  of  0.214  inches.  Although  the  PSDs 
predict  a  small  increase  in  the  displacement  response  of  the  structure,  the  response  appears  to 
decrease  slightly.  However,  considering  the  precision  of  the  data,  the  PSDs  and  responses  can  be 
considered  equal.  In  a  linear  elastic  system,  the  displacement  response  in  EQ  22  should  be  the 
equal  to  the  sum  of  the  responses  in  EQ  1 8  and  EQ  19.  This  comparison  can  be  made  if  the 
ground  motions  for  all  three  simulations  were  the  same,  as  they  are  in  this  configuration.  In  the 
case  of  both  the  Y-Axis  response  and  the  torsional  response,  the  peak  motions  during  EQ  18  and 
EQ  19  do  not  together  equal  the  peak  motion  in  EQ  22,  which  would  be  expected  if  no  parts  of 
these  responses  were  resonant  motions  due  to  the  shaketable  control  problem.  If  the  Y-Axis 
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motion  in  EQ  18  were  entirely  a  product  of  the  resonant  response  of  the  shaketable,  the  peak  Y- 
Axis  displacement  in  EQ  19  should  be  nearly  equal  to  the  peak  Y-Axis  response  in  EQ  22,  as  has 
been  observed  in  previoxis  configurations.  This  observation  does  not  hold  for  the  Y-Axis  and 
torsional  response,  however.  Thus,  it  appears  that  the  Y-Axis  response  in  EQ  18  and  the  torsional 
responses  in  EQ  18  and  EQ  19  are  to  some  degree  resonant  responses,  but  not  entirely. 

In  EQ  23,  the  first  test  in  this  configuration  that  features  inelastic  response,  the  model  stmcture  is 
subjected  to  100%  Imperial  Valley  input  motion  along  both  the  X-Axis  and  Y-Axis  [PGAx  = 
1.299  g  and  PGAy  =  0.797  g].  Time  history  plots  of  the  response  are  shown  in  Figure  7.8.  The 
peak  displacements  of  the  structure  were  3.17  inches  in  the  X  direction  and  1.18  inches  in  the  Y 
direction,  which  are  both  larger  than  the  yield  displacements  of  0.47  inches  and  0.53  inches, 
respectively.  The  peak  rotation  of  the  structure  was  21.94  x  10'^  radians,  also  larger  than  the 
yield  rotation  of  6.8  x  10'^  radians.  The  peak  base  shears,  which  are  36.67  kips  in  the  X  direction 
and  3 1 .05  kips  in  the  Y  direction,  are  greater  than  the  yield  shears,  20.73  kips  in  the  X  direction 
and  1 8.32  kips  in  the  Y  direction.  Thus,  the  base  shears  verify  the  inelastic  response,  but  they 
also  demonstrate  the  overstrength  of  the  structure,  as  the  peak  shears  are  both  nearly  twice  the 
yield  shears.  Figure  7.9  shows  the  base  shear  vs.  displacement  plots  and  torsional  moment  vs. 
rotation  plot,  which  are  no  longer  tight  and  linear  but  now  are  taking  on  a  fuller  shape,  indicating 
inelastic  behavior.  Both  the  X-Axis  shear  vs.  displacement  loop  and  the  moment  vs.  rotation  loop 
exhibit  a  very  large  inelastic  excursion.  The  peak  torsional  moment  in  this  simulation  is  roughly 
two-thirds  of  the  yield  moment,  while  the  rotational  ductility  experienced  by  the  structure  is 
greater  than  3.  As  observed  and  discussed  in  the  previous  two  configurations,  this  is  a  result  of 
the  fact  that  each  column  participates  in  the  seismic  resistance  of  the  structure  in  each  of  the  three 
directions  of  motion.  As  a  column  yields  due  to  lateral  response,  the  torsional  stif&ess  of  the 
structure  consequently  decreases  as  well,  resulting  in  a  larger  torsional  response.  This  was 
observed  in  Test  Configurations  2  and  3,  which  featured  mass  symmetry  and  a  ‘A-mass 
asymmetry,  respectively.  The  peak  torsional  moment  during  EQ  28,  the  100%  Imperial  Valley 
simulation  in  Test  Configuration  3  with  a  Vi-mass  asymmetry,  was  roughly  two-thirds  of  the  yield 
moment,  as  was  the  case  in  this  test  configuration  for  EQ  23.  With  very  similar  peak  torsional 
moments,  it  is  not  surprising  that  the  rotational  ductility  experienced  during  EQ  23,  3.3,  with  Vi- 
mass  asymmetry,  is  noticeably  larger  than  that  experienced  during  EQ  28, 2.7,  with  'A-mass 
asymmetry. 
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The  acceleration  response  of  the  diaphragm  divided  by  the  peak  ground  acceleration  (PGA)  is 
shown  in  Table  7.4  as  the  normalized  acceleration.  In  EQ  22,  with  10%  Biaxial  input  motions, 
the  normalized  acceleration  response  of  the  diaphragm  is  2.05  in  the  X  direction,  and  3.17  in  the 

Y  direction.  The  input  ground  motions  are  increased  by  about  a  factor  of  10  in  EQ  23,  but  the 
acceleration  response  of  the  diaphragm  only  increases  by  about  5  in  the  X  direction  and  4.5  in  the 

Y  direction,  resulting  in  a  normalized  acceleration  response  of  0.88  in  the  X  direction  and  1.18  in 
the  Y  direction.  Also,  although  the  input  motions  are  more  than  10  times  larger,  the  angular 
acceleration  response  of  the  diaphragm  increases  from  EQ  22  to  EQ  23  by  only  a  factor  of  about 
7.  Both  of  these  trends  verify  the  expected  inelastic  behavior  of  the  structure  in  EQ  23. 

7.3  Dynamic  Characterizations  of  the  Model 

Prior  to  performing  any  shaketable  simulations  using  the  earthquake  input  motions,  white  noise, 
sine  sweep,  and  sine  decay  tests  were  performed.  This  general  pattern  was  followed  for  Test 
Configuration  3,  as  can  be  seen  in  Table  7.2.  In  addition,  white  noise  tests  were  performed 
immediately  after  the  earthquake  simulation  exhibiting  inelastic  behavior,  EQ  23. 

The  dynamic  properties  of  the  test  structure,  as  measured  before  EQ  1 8  and  then  after  EQ  23,  are 
shown  in  Table  7. 1 .  The  results  in  Table  7.1  indicate  that  despite  the  inelastic  behavior  in  EQ  23, 
no  meaningful  permanent  softening  of  the  structure  took  place.  Test  Configuration  4,  discussed 
in  Chapter  6,  also  exhibited  no  permanent  softening  of  the  structure.  In  addition.  Test 
Configuration  4  experienced  a  larger  degree  of  inelastic  behavior,  being  subjected  to  150% 
Biaxial  motions,  while  this  configuration  was  only  subjected  to  100%  Biaxial  motions.  The 
damping,  on  the  other  hand,  did  increase  noticeably  by  the  end  of  the  final  simulation.  The 
structure  experienced  a  significant  amoimt  of  inelastic  behavior  during  the  final  two  simulations, 
which  most  likely  began  to  produce  micro-cracking  at  the  column-base  plate  welded  interface. 


7.4  Observed  Condition  of  the  Structure 

In  inspecting  the  model  structure  for  fracture  in  the  weld  or  in  the  base  material,  none  was  found 
for  this  test  configuration.  Figmes  7.16  and  7.17  are  photographs  of  the  test  structure  taken 
before  the  earthquake  simulations  were  performed.  Figure  7. 18  is  a  photograph  of  the  test 
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structure  taken  after  the  final  earthquake  simulation  in  this  configuration,  EQ  23,  illustrating  the 
inelastic  behavior  and  permanent  damage  of  the  structure.  Figure  7.19  also  shows  the  formation 
of  plastic  hinges  near  the  top  and  bottom  of  the  column. 


7.5  Finite  Element  Analysis 

In  modeling  the  behavior  of  the  test  structure,  the  nonlinear  finite  element  analysis  programs 
Abaqus  and  Drain-3DX  were  employed.  During  the  earthquake  simulations  employing  the  larger 
scale  input  motions,  the  structural  response  exhibits  both  geometric  and  material  nonlinearities, 
both  of  which  Abaqus  and  Drain-3DX  can  model.  A  more  complete  discussion  of  the  applicable 
features  of  Abaqus  and  Drain-3DX  is  presented  in  Chapter  3.  Also,  some  aspects  of  the  finite 
element  model,  such  as  the  modeling  of  the  diaphragm  as  a  rigid  component,  are  common 
throughout  each  test  configuration,  and  are  discussed  more  completely  in  Chapter  3. 

(A)  Pipe  Column  Material  Model 

The  pipe  columns  used  in  Test  Configuration  3,  as  well  as  those  used  in  Test  Configurations  1, 2, 
and  4  were  produced  from  the  same  batch  of  raw  pipe  column  lengths.  The  material  models  of 
the  pipe  columns  in  these  four  test  configurations  were  based  on  stress-strain  data  produced 
during  each  coupon  tension  test.  Both  the  original  stress-strain  data  recorded  during  the  coupon 
tension  tests,  and  the  best-fit  material  model  used  in  the  finite  element  analyses  are  shown  in 
Figure  7.20  for  Abaqus  and  in  Figure  7.21  for  Drain-3DX.  Shown  in  Tables  7.8  and  7.9  are  the 
numerical  stress-strain  best-fit  Abaqus  and  Drain-3DX  model  data,  respectively. 


(B)  Finite  Element  Model 

The  Abaqus  and  Drain-3DX  finite  element  models  used  for  Test  Configuration  3  are  shown  in 
Figures  7.22  and  7.23.  Beyond  the  features  of  the  finite  element  model  common  throughout  each 
test  configuration.  Figure  7.22  illustrates  the  location  and  magnitudes  of  the  nodal  masses  and  the 
height  of  the  Non-Rigid  Links  for  the  Abaqus  model.  The  nodal  masses  placed  at  each  of  the 
four  comers  of  the  diaphragm  each  have  a  magnitude  of  1.705  lb*s^/in.  The  largest  interior 
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mass,  the  northeast  interior  mass,  has  a  magnitude  of  62.761  lb*sMn.  The  other  three  interior 
masses  have  magnitudes  of  6.595  lb*s^/in.  The  height  of  the  finite  element  model  diaphragm  in 
this  test  configuration  is  67.804  inches,  which  thus  produces  a  length  of  7.804  inches  for  each  of 
the  four  Non-Rigid  Links.  Figure  7.23  illustrates  the  location  and  magnitudes  of  the  nodal 
masses  and  the  height  of  the  Non-Rigid  Links  for  the  Drain-3DX  model.  The  nodal  masses 
placed  at  the  four  diaphragm  comers  have  magnitudes  of  0.024  lb*sVin.  The  northeast  interior 
mass  has  a  magnitude  of  72.820  lb*sMn,  while  the  remaining  interior  masses  have  magnitudes  of 
5.483  Ib^s^/in.  The  height  of  the  finite  element  model  diaphragm  is  67.479  inches,  which  results 
in  a  length  of  7.479  inches  for  the  Non-Rigid  Links 

(c)  Observed  Response 

Displacement  histories  along  the  X-  and  Y-Axis  and  rotation  histories  about  the  Z-Axis  are 
provided  for  the  10%  Biaxial  simulation  [PGAx  =  0.109  g  and  PGAy  =  0.066  g]  in  Figures  7.24  - 
7.27,  and  the  100%  Biaxial  simulation  [PGAx  =  1.299  g  and  PGAy  =  0.797  g]  in  Figures  7.28  - 
7.31.  Table  7.10  lists  the  maximum  peak  relative  displacements  in  the  X  and  Y  directions  and  the 
peak  rotation,  and  the  corresponding  PGAs,  for  the  two  earthquake  simulations  listed  above. 


(D)  Observed  Response  Discussion 

In  Figures  7.24  -  7.27,  the  Abaqus  and  Drain-3DX  displacement  and  rotation  response  histories 
for  EQ  22  [PGAx  =  0.109  g  and  PGAy  =  0.066  g]  can  be  seen  for  both  the  test  stmcture  and  the 
finite  element  models.  For  both  displacements  and  the  rotation,  the  fi'equency  contents  of  the 
response  histories  in  the  Abaqus  and  Drain-3DX  simulations  match  the  test  data  well.  Also,  as 
seen  in  Table  7.10,  the  maximum  relative  displacement  in  both  directions  of  the  Abaqus  model 
match  fairly  well,  agreeing  to  within  8%  in  both  the  X  and  Y  directions.  The  Drain-3DX  model 
is  not  as  accurate,  with  differences  of  over  40%  and  16%  in  the  X  and  Y  directions,  respectively. 
For  both  the  Abaqus  and  Drain-3DX  models,  the  peak  displacements  appear  to  occur  in  the  same 
time  region  for  both  the  finite  element  model  and  the  test  structure.  The  peak  rotation  in  the 
Abaqus  model  agrees  to  within  3%  with  the  test  data,  but  there  are  many  locations  during  the  time 
history  where  the  local  minimum  and  maximum  do  not  match  as  well.  The  peak  rotation  in  the 
Drain-3DX  model  agrees  to  within  20%.  One  problem  with  matching  to  the  rotation  data  of  the 
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test  structure  is  that  the  response  is  low  enough  that  noise  from  the  data  acquisition  system  is 
apparent  in  the  data.  As  was  observed  in  some  of  the  previous  configurations,  the  damping 
characteristics  of  the  Abaqus  and  Drain-3DX  models  do  not  match  as  well  with  the  test  structure 
as  does  the  frequency  content.  As  discussed  in  previous  chapters,  the  limitations  of  both  finite 
element  analysis  models  to  allow  the  damping  in  each  direction  independently  has  resulted  in  a 
compromise  damping  ratio  that  attempts  to  minimize  the  lack  of  accuracy  in  each  direction. 

In  Figures  7.28  -  7.31,  the  displacement  and  rotation  response  histories  for  EQ  23  [PGAx  =  1.299 
g  and  PGAy  =  0.797  g]  can  be  seen  for  both  the  test  structure  and  the  finite  element  models.  For 
both  displacements  and  the  rotation,  the  frequency  contents  of  the  response  histories  in  the 
Abaqus  and  Drain-3DX  simulations  match  the  test  data  well.  In  both  the  X  direction  and  Y 
direction,  the  magnitudes  of  the  displacements  also  match  very  well.  The  Abaqus  simulations 
predict  smaller  peak  rotations  at  a  number  of  points  in  the  time  history  and  a  lesser  degree  of 
permanent  deformation.  As  seen  in  Table  7.9,  the  Abaqus  displacement  in  the  X  direction  agrees 
to  within  3%,  while  the  peak  displacement  in  the  Y  direction  agrees  to  within  1%.  The  Abaqus 
peak  rotation  differs  from  the  experimental  peak  rotation  by  approximately  30%.  The  Drain-3DX 
X-Axis  peak  displacement  agrees  to  within  2%,  the  Y-Axis  displacement  agrees  to  within  20%, 
and  the  peak  rotation  to  within  17%.  Also  important  is  the  fact  that  the  peak  displacements 
appear  to  occur  in  the  same  time  region  for  both  the  finite  element  models  and  the  test  structure. 
Although  the  Drain-3DX  analysis  predicts  the  peak  X-Axis  displacement  as  well  as  the  Abaqus 
analysis,  it  does  not  match  as  well  the  test  response  after  the  peak  displacement.  Further,  it 
predicts  a  permanent  offset  of  approximately  '/4-inch,  while  Abaqus  correctly  predicts  the  actual 
permanent  offset  of  approximately  1-inch.  The  Drain-3DX  analysis  is  more  accurate  than 
Abaqus  in  predicting  the  peak  rotation,  which  is  typically  the  most  difficult  response  parameter  to 
predict.  However,  both  Abaqus  and  Drain-3DX  are  equally  inaccurate  in  predicting  the 
permanent  rotation  of  the  structure. 


7.6  Summary  and  Conclusions 


In  the  previous  three  chapters,  the  Modified ^iJR  Ratio  was  introduced  and  discussed.  This  ratio 
gives  a  measure  of  the  amount  of  ductility  the  2000  NEHRP  Seismic  Provisions  expects  a 
particular  structure  to  experience  and  thus  for  which  it  must  be  designed.  The  Modified  fj/R  Ratio 
was  computed  as  the  normalized  displacement  in  an  inelastic  test  divided  by  the  normalized 
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displacement  during  an  elastic  test  and  also  as  the  ratio  of  the  normalized  rotation  during  an 
inelastic  simulation  to  the  normalized  rotation  during  an  elastic  simulation.  For  EQ  23,  the  first 
and  only  inelastic  simulation  in  this  configuration,  the/^if  Ratios  were  1.60  in  the  X  direction, 
0.61  in  the  Y  direction,  and  1 .90  torsionally.  As  with  the  values  of  the  previous  inelastic 
simulations,  shown  below,  these  values  are  not  very  consistent. 


fj/R  Ratio 

Configuration 

EQ 

X-Axis 

Y-Axis 

Z-Axis 

Symmetric  Mass 

100%  Uniaxial 

7 

0.77 

N/A 

Symmetric  Mass 

100%  Biaxial 

15 

1.37 

0.86 

0.84 

Symmetric  Mass 

150%  Biaxial 

16 

1.77 

1.83 

1.08 

Vi  Asymmetric  Mass 
100%  Biaxial 

28 

0.90 

0.51 

1.07 

Vi  Asymmetric  Mass 

1 50%  Biaxial 

29 

1.17 

1.03 

1.39 

Va  Asymmetric  Mass 
100%  Biaxial 

23 

1.60 

0.61 

1.90 

The  Seismic  Provisions  provides  a  range  of  0.86  to  0.69  for  an  Ordinary  Moment  Resisting  Frame 
(OMRF)  and  a  Special  Moment  Resisting  Frame  (SMRF),  respectively.  Thus,  the  ft/R  Ratio 
appears  to  be  more  conservative  for  the  Y  direction  but  much  less  so  for  the  X-Axis  and  torsional 
motion,  which  are  roughly  double  those  prescribed  by  the  Seismic  Provisions.  In  assessing  the 
/j/R  Ratio  for  the  torsional  motion,  the  classification  of  this  configuration  as  Torsionally  Irregular 
is  significant.  The  dynamic  amplification  of  torsion  prescribed  in  the  Provisions  for  a  structure 
possessing  a  Torsional  Irregularity  or  Extreme  Torsional  Irregularity  could  potentially  mitigate 
the  disparity  between  the  Z-Axis  Jj/R  Ratio  for  EQ  23  and  those  values  prescribed  by  the 
Provisions.  However,  for  degree  of  torsional  irregularity  present  in  this  structural  configuration, 
the  dynamic  amplification  is  roughly  5%,  and  therefore  not  a  significant  factor  in  the  comparison. 
The  pattern  discussed  in  the  previous  chapter  of  the  fj/R  Ratio  not  being  constant  for  differing  test 
configurations,  earthquake  magnitudes,  and  component  directions  continues  with  the  results  from 
this  configuration.  In  addition,  it  again  appears  to  be  generally  larger  than  the  range  of  /j/R  Ratios 
prescribed  by  the  2000  NEHRP  Seismic  Provisions,  in  some  cases  significantly  larger. 
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As  discussed  in  the  previous  chapter,  the  methodology  used  in  the  Seismic  Provisions  of  using  an 
elastic  analysis  as  the  basis  for  determining  inelastic  response  of  structures  implies  that  the  ratio 
of  the  peak  rotation  to  the  peak  lateral  displacement  and  the  ratio  of  the  two  peak  lateral 
displacements  remain  constant  for  elastic  and  inelastic  response.  For  EQ  22  in  this  test 
configuration,  the  uy/uxratio  is  0.96,  as  shovra  below. 


Configuration 

EQ 

Uy/Ux 

ue/ux 

Symmetric  Mass 

25%  Biaxial 

14 

0.73 

N/A 

Symmetric  Mass 

100%  Biaxial 

15 

0.43 

N/A 

Symmetric  Mass 

150%  Biaxial 

16 

0.80 

N/A 

1/2  Asymmetric  Mass 

10%  Biaxial 

27 

0.86 

0.29 

Vi  Asymmetric  Mass 

100%  Biaxial 

28 

0.51 

0.35 

Vi  Asymmetric  Mass 

150%  Biaxial 

29 

0.85 

0.35 

Va,  Asymmetric  Mass 

10%  Biaxial 

22 

0.96 

0.28 

Va  Asymmetric  Mass 

100%  Biaxial 

23 

0.37 

0.33 

For  EQ  23,  the  first  inelastic  simulation,  the  ratio  drops  to  0.37,  a  decrease  of  over  60%.  This 
result  is  similar  to  that  observed  for  EQ  15  and  EQ  28,  the  initial  inelastic  simulations  in  the  two 
previous  configurations.  As  with  EQ  15  and  EQ  28,  the  X-Axis  displacement  ductility  for  EQ  23 
is  much  larger  than  the  Y-Axis  ductility,  by  a  factor  of  more  than  three.  It  again  appears  that  due 
to  the  differences  in  the  X-  and  Y-Axis  ground  motions,  the  structure  in  EQ  23,  the  initial 
inelastic  simulation  for  this  configuration,  has  yielded  to  a  greater  degree  in  the  X  direction  than 
in  the  Y  direction  and  thus  has  experienced  a  greater  degree  of  stif&ess  reduction  in  the  X 
direction.  In  the  previous  two  configurations,  it  was  observed  that  during  the  second,  and  larger, 
inelastic  simulation  the  displacement  ductility  in  the  X  and  Y  directions  were  proportionally 
similar  to  those  observed  during  the  elastic  simulation.  Unfortunately  this  observation  cannot  be 
confirmed  for  this  configuration  due  to  the  lack  of  usable  test  results  for  the  second  inelastic 
simulation. 


The  trends  observed  for  the  torsional  motion  in  the  previous  test  configuration,  with  '/4-mass 
asymmetry,  appear  to  continue  for  this  configuration,  with  '/i-mass  asymmetry.  For  EQ  22,  the 
last  elastic  simulation,  the  ug/ Uxratio  is  0.28.  For  EQ  23,  the  inelastic  simulation,  the  ug/ ux 
ratio  is  about  0.33.  Thus,  the  Ug/  ux  ratio  is  roughly  20%  larger  for  the  inelastic  simulation  than 
for  the  elastic  simulation,  which  is  consistent  with  the  results  observed  in  the  previous 
configuration.  The  large  “dip”  in  the  uy/  Ux  ratio  for  EQ  23  does  not  appear  to  be  present  for  the 
Ug/ Uxratio.  In  the  previous  configuration,  this  was  explained  by  the  fact  that  with  one-way 
asymmetry  the  torsion  is  produced  primarily  by  the  X-Axis  lateral  motion.  Thus  the  w^and  ux 
displacements  are  much  more  tightly  coupled  than  the  uy  and  ux  displacements  are.  It  appears 
that  this  tighter  coupling  is  again  present  for  this  configuration,  despite  the  presence  of 
asymmetry  along  both  axes.  For  this  configuration,  the  X-Axis  input  ground  motion  has  a  peak 
acceleration  and  elastic  spectral  acceleration  over  50%  larger  than  for  the  Y-Axis.  Thus,  it 
appears  that  the  X-Axis  motion  impacts  the  torsional  displacement  to  a  greater  degree  than  the  Y- 
Axis  motion. 

The  general  trends  observed  with  the  finite  element  analyses  through  the  previous  test 
configurations  continue  with  Test  Configuration  4.  The  time  history  analyses  were  generally 
accurate  in  their  predictions  of  the  experimental  response.  The  peak  displacements  predicted  by 
the  Abaqus  analysis  of  the  elastic  simulation  were  within  8%  of  the  experimental  data,  which  is 
relatively  consistent  with  the  accuracy  of  previous  configurations,  while  the  Drain-3DX  predicted 
displacements  were  off  by  40%  and  16%  in  the  X  and  Y  directions.  The  Abaqus  analysis  was 
unusually  accurate,  to  within  3%,  in  predicting  the  peak  rotation,  while  the  Drain-3DX  analysis 
was  within  20%.  The  Abaqus  analysis  of  the  inelastic  simulation  was  equally  accurate  in 
predicting  the  peak  displacements,  to  within  3%  of  the  experimental  responses.  The  Drain-3DX 
peak  displacement  predictions  were  off  by  up  to  20%.  In  addition,  the  permanent  displacement  of 
approximately  one-inch  in  the  X  direction  is  correctly  predicted  by  Abaqus,  while  the  Drain-3DX 
prediction  is  roughly  '/4-inch.  The  Abaqus  analyses  have  consistently  proved  to  be  more  accurate 
than  the  Drain-3DX  analyses  throughout  the  test  configinations  in  predicting  the  inelastic  peak 
displacements  of  the  stmcture.  In  addition,  Abaqus  has  consistently  been  accinate  in  predicting 
any  permanent  displacements,  while  Drain-3DX  has  consistently  underestimated  these  values  by 
a  factor  of  2-3.  The  one  significant  liability  with  the  Abaqus  analyses  has  been  the  prediction  of 
the  peak  rotation,  and  that  trend  continues  here  with  a  difference  of  roughly  30%.  Drain-3DX  has 
proven  to  be  noticeably  more  accurate  in  predicting  the  peak  rotation,  in  this  case  with  a 
difference  of  17%  from  the  actual  response. 
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Mass 

[lb*sMnl 

Mass  Centers  [in] 

Column  Properties 

B 

Zo 

A  [in'] 

I  [in^] 

90.141 

67.479 

4.41 

9.61 

Modal  Frequencies  [Hz] 

Modal  Damping  [%] 

X 

B 

6 

X 

Y 

6 

Before  EQ  18 

3.546 

3.283 

8.287 

1.290 

0.580 

After  EQ  23 

3.515 

3.383 

8.356 

2.853 

0.618 

Table  7. 1  Test  Stracture  Dynamic  Properties  -  Test  Configuration  3 
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Test  Designation 

Input  Motions 

WNT13 

White  Noise  X-Axis 

WNT14 

White  Noise  Y-Axis 

WNT15 

White  Noise  Yaw-Axis 

SIN7 

Sine  Decay  X-Axis 

SINS 

Sine  Decay  Y-Axis 

SIN9 

Sine  Decay  Yaw-Axis 

SWP7 

Sine  Sweep  X-Axis 

SWP8 

Sine  Sweep  Y-Axis 

SWP9 

Sine  Sweep  Yaw-Axis 

EQ18 

10%  X-Axis  Imperial  Valley 

EQ19 

10%  Y-Axis  Imperial  Valley 

EQ20 

10%  Biaxial  Imperial  Valley 

EQ21 

10%  Biaxial  Imperial  Valley 

EQ22 

10%  Biaxial  Imperial  Valley 

EQ23 

100%  Biaxial  Imperial  Valley 

WNT16 

White  Noise  X-Axis 

WNT17 

White  Noise  Y-Axis 

WNT18 

White  Noise  Yaw-Axis 

EQ24 

150%  Biaxial  Imperial  Valley 

Table  7.2  Earthquake  Simulations  and  Dynamic  Characterization  Tests  -  Test  Configuration  3 
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[ksil  =  29000.0 


Stress  [ksi] 

Strain  [in/in] 

Plastic  Strain  [in/in] 

0.00000 

0.00000 

37.50000 

0.00108 

0.000000 

39.60000 

0.00300 

0.001863 

40.70000 

0.00500 

0.003831 

49.00000 

0.02000 

0.018593 

54.00000 

0.04000 

0.038449 

56.50000 

0.06000 

0.058378 

57.80000 

0.08000 

0.078340 

58.50000 

0.10000 

0.098320 

59.00000 

0.15000 

0.148306 

57.00000 

0.20000 

0.198363 

Table  7.8  Stress-Strain  Best-Fit  Material  Model  -  Test  Configuration  3 


E  [ksil  =29000.0 


Stress  [ksi] 

Strain  [in/in] 

0.00000 

0.00000 

37.50000 

0.001293 

39.60000 

0.003000 

49.00000 

0.020000 

56.50000 

0.060000 

58.50000 

0.100000 

Table  7.9  Drain-3DX  Stress-Strain  Best-Fit  Material  Model  -  Test  Configuration  3 
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Figure  7.1  Perspective  View  of  Test  Configuration  Model  3 
4  -  4”  Extra-Strong  Columns 
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Figure  7.8.  Acceleration  and  Displacement  vs.  Time  -  EQ  23 
100%  Biaxial  Imperial  Valley  -  1/4  Asymmetric  Mass 
Four  4”  Extra-Strong  Columns 
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Figure  7. 10  Force-Deformation  Response  -  Test  Configuration  3 
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Figure  7.15  Elastic  Response  Spectra  “  EQ  23  -  100%  Biaxial  Imperial  Valley  Ground  Motion 
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Figure  7.17  Test  Structure  Prior  to  Earthquake  Simulations 
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Figure  7.19  Test  Structure  Southeast  Column  After  Earthquake  Simulations 
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Figure  7.24  Abaqus  Analytical  Displacement  vs.  Time  -  EQ  22  -  10%  Biaxial  Imperial  Valley 
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Figure  7.25  Abaqus  Analytical  Rotation  vs.  Time  -  EQ  22  -  10%  Biaxial  Imperial  Valley 
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Figure  7.26  Drain-3DX  Analytical  Displacement  vs.  Time  -  EQ  22  -  10%  Biaxial  Imperial  Valley 
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Figure  7.28  Abaqus  Analytical  Displacement  vs.  Time  -  EQ  23  -  100%  Biaxial  Imperial  Valley 
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Figure  7.30  Drain-3DX  Analytical  Displacement  vs.  Time  -  EQ  23  -  100%  Biaxial  Imperial  Valley 
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Figure  7.3 1  Dram-3DX  Analytical  Rotation  vs.  Time  -  EQ  23  -  100%  Biaxial  Imperial  Valley 


CHAPTER  8 

EXPERIMENTAL  AND  ANALYTICAL  RESPONSE  OF 
TEST  CONFIGURATION  8 


This  chapter  provides  a  summary  of  the  experimental  test  data  and  the  finite  element  analysis 
results  of  Test  Configuration  8.  The  eighth  configuration,  shown  in  Figure  8.1,  featured  all  of  the 
masses  loaded  on  the  northeast  comer  of  the  diaphragm,  resulting  in  a  %  mass  asymmetry,  and 
four  4”  Extra-Strong  Columns.  This  configuration  is  identical  to  Test  Configuration  3,  covered  in 
Chapter  7.  The  dynamic  properties  of  the  test  structure  in  Test  Configuration  8  are  shown  in 
Table  8.1. 

Two  earthquake  simulations  were  performed  with  this  test  configuration.  Both  of  these 
simulations  featured  inelastic  response.  The  first  earthquake  simulations,  EQ  45,  featured  100% 
Biaxial  input  motions  [PGAx  =  1.187  g  and  PGAy  =  0.699  g].  The  second  simulation,  EQ  46, 
featured  135%  Biaxial  input  motions  [PGAx  =  1.559  g  and  PGAy  =  0.990  g].  There  were  two 
reasons  behind  the  decision  to  run  only  two  simulations.  First,  during  the  simulations  for  Test 
Configuration  3,  the  final  inelastic  simulation  at  150%  Imperial  Valley  was  interrupted  less  than 
halfway  through,  as  the  shaketable  exceeded  its  displacement  limits.  All  of  the  other  tests  for 
Test  Configuration  3  were  completed  without  any  problems.  Thus,  it  was  desired  to  obtain  data 
for  a  simulation  using  groxmd  motions  larger  than  100%  Imperial  Valley.  Second,  this  test 
configuration  was  used  as  a  validation  of  the  repeatability  of  the  experimental  simulations,  as  it 
could  be  compared  with  the  test  results  fi-om  Test  Configuration  3.  It  was  felt  that  performing  the 
first  inelastic  simulations  would  achieve  this  goal.  The  complete  test  sequence  for  Test 
Configuration  8  is  shown  in  Table  8.2. 

This  chapter  summarizes  response  data  of  the  test  structure  during  the  earthquake  simulations  and 
the  dynamic  characterization  tests.  Summaries  of  test  model  accelerations,  displacements, 
torsional  moments,  overturning  moments,  column  end  moments,  and  base  shears  are  provided. 


8.1  Observed  Structural  Response 


The  diaphragm  acceleration  and  displacement  time  history  responses  for  the  100%  Biaxial 
simulation  are  shown  in  Figure  8.2.  The  base  shear  vs.  displacement  and  torque  vs.  rotation  are 
shown  in  Figure  8.3.  Similar  results  for  the  135%  Biaxial  simulation  are  shown  in  Figures  8.4 
and  8.5. 

Tables  8.3  -  8.7  list  the  peak  recorded  diaphragm  relative  displacements  and  peak  diaphragm 
accelerations,  and  corresponding  PGA  for  both  of  the  earthquake  simulations  performed  in  this 
test  configuration.  Also  listed  are  the  maximum  base  shears,  maximum  torsional  moments, 
maximum  overturning  moments,  maximum  column  end  moments  for  each  column,  and 
maximum  column  end  shears  for  each  column. 


8.2  Observed  Response  Discussion 


The  calculated  force-deformation  behavior  of  the  structure  in  the  X  and  Y  directions  is  shown  in 
Figure  8.6  and  about  the  Z-Axis  in  Figure  8.7.  In  the  X  direction,  the  model  has  a  yield 
displacement  of  0.33  inches  at  a  yield  force  of  17.02  kips.  In  the  Y  direction,  the  model  has  a 
yield  displacement  of  0.41  inches  at  a  yield  force  of  17.02  kips.  The  model  has  a  yield  rotation  of 
0.0051  radians  at  a  yield  moment  of  1 162  kip*inches.  An  elastic  response  spectra  of  the  recorded 
table  motions  for  EQ  45  is  shown  in  Figure  8.8.  In  addition,  the  modal  firequencies  for  this 
configuration  with  respect  to  the  response  spectra  are  indicated  in  Figure  8.8. 

In  EQ  45,  the  first  test  in  this  configuration,  the  model  structure  is  subjected  to  100%  Imperial 
Valley  input  motion  along  both  the  X-Axis  and  Y-Axis  [PGAx  =  1.187  g  and  PGAy  =  0.699  g]. 
Time  history  plots  of  the  stractural  response  are  shown  in  Figure  8.2.  All  of  the  peak 
displacements  are  greater  than  the  yield  displacements,  and  are  2.46  inches  in  the  X  direction, 

1 .57  inches  in  the  Y  direction,  and  16.46  x  10'^  radians  about  the  Z-Axis.  The  peak  base  shears 
are  30.58  kips  in  the  X  direction  and  27.23  kips  in  the  Y  direction.  Figure  8.3  shows  the  base 
shear  vs.  displacement  plots  and  torsional  moment  vs.  rotation  plot,  which  are  not  tight  and  linear 
but  have  a  somewhat  full  shape.  Both  the  X-Axis  shear  vs.  displacement  loop  and  the  moment 
vs.  rotation  loop  exhibit  a  very  large  inelastic  excursion. 
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Figure  8.9  shows  a  displacement  response  comparison  between  EQ  23,  a  simulation  performed 
during  Test  Configuration  3  with  100%  Imperial  Valley  ground  motions,  and  EQ  45,  the 
simulation  performed  during  this  test  configuration  using  100%  Imperial  Valley  ground  motions. 
In  the  X  direction,  the  response  is  nearly  identical,  with  the  largest  displacement  excursion, 
occurring  at  approximately  7  seconds.  This  is  slightly  larger  in  EQ  23  than  in  EQ  45.  In  the  Y 
direction,  the  response  is  similar  for  much  of  the  response.  However,  a  number  of  the  largest 
excursions  do  not  match  well.  Despite  the  fact  that  the  models  in  the  two  different  test 
configurations  were  assembled  in  the  same  way,  the  modal  frequencies  of  the  structure  were 
different  in  this  test  configuration  from  those  in  Test  Configuration  3:  3.704  Hz  versus  3.546  Hz 
in  the  X  direction,  3.333  Hz  versus  3.283  Hz  in  the  Y  direction,  and  8.696  Hz  versus  8.287  Hz 
about  the  Z  axis.  The  damping  ratios  were  also  different  in  the  two  configurations.  Further, 
although  the  type  of  steel  used  in  the  pipe  columns  was  specified  to  be  the  same  in  both  test 
configurations,  the  yield  stress  in  the  column  steel  was  smaller  in  this  test  configuration  as 
compared  to  Test  Configuration  3,  approximately  30  ksi  versus  37  ksi.  Also,  it  is  important  to 
compare  the  ground  motions,  or  recorded  motions  of  the  shaketable  itself  during  these  two 
simulations.  As  noted  in  Chapter  3,  even  two  sets  of  “100%  Imperial  Valley”  motions,  which 
should  ostensibly  be  identical,  are  typically  not  the  same.  In  the  X  direction,  the  PGA  for  EQ  23 
was  1.299  g  and  for  EQ  45  was  1.187  g.  In  the  Y  direction,  the  PGA  for  EQ  23  was  0.797  g  and 
for  EQ  45  was  0.699  g.  In  addition,  the  PSD  in  the  X  direction  for  EQ  23  was  17.01  inches  while 
for  EQ  45  was  16.01  inches.  Thus,  it  appears  from  both  the  PSD  and  PGA  that  the  ground 
motions  in  the  X  direction  were  of  slightly  greater  intensity  during  EQ  23  than  for  EQ  45.  This  is 
consistent  with  the  previously  mentioned  observation  that  the  peak  response  displacement  in  the 
X  direction  was  slightly  larger  for  EQ  23  than  for  EQ  45.  In  the  Y  direction,  the  PSD  was  14.84 
inches  for  EQ  23  and  was  15.53  inches  for  EQ  45.  The  fact  that  in  the  Y  direction  the  PGA  was 
slightly  larger  for  EQ  23  while  the  PSD  was  slightly  smaller  leads  to  no  definitive  comparison  of 
the  Y-Axis  ground  motion.  This  is  somewhat  consistent  with  the  fact  that  the  Y-Axis  responses 
of  the  two  simulations  do  not  match  nearly  as  well  as  the  X-Axis  responses.  These  differences  in 
the  dynamic  properties,  material  properties  and  ground  motions  of  the  two  test  configurations  are 
all  potentially  contributing  factors  in  the  observed  differences  of  the  dynamic  response  of  the 
structure. 

The  second  earthquake  simulation  for  this  configuration,  EQ  46,  features  135%  Imperial  Valley 
input  motion  along  both  the  X-Axis  and  Y-Axis  [PGAx  =  1.559  g  and  PGAy  =  0.990  g].  Time 
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history  plots  of  the  structural  response  are  shown  in  Figure  8.4.  The  peak  displacements  of  the 
structure  were  3.72  inches  in  the  X  direction,  3.87  inches  in  the  Y  direction,  and  23.28  x  10’^ 
radians  about  the  Z-Axis.  The  peak  base  shears  are  32.95  kips  in  the  X  direction  and  32.32  kips 
in  the  Y  direction.  The  base  shears  in  EQ  46  are  approximately  10-15%  larger  than  those  in  EQ 
45,  while  the  input  motions  have  been  increased  by  35%.  As  the  base  shears  are  proportional  to 
the  acceleration  response  of  the  diaphragm,  the  same  trends  can  be  observed  in  the  normalized 
acceleration.  With  EQ  46,  as  shown  in  Figure  8.5,  the  base  shear  vs.  displacement  hysteresis 
loops  exhibit  a  very  full,  smooth  shape,  indicating  a  large  degree  of  inelastic  behavior.  The 
torsional  moment  vs.  rotation  loop  has  become  more  full  as  compared  with  EQ  45,  but  the  shape 
is  somewhat  erratic  as  compared  with  the  base  shear  vs.  displacement  loops. 

The  test  structure  experiences  a  rotational  ductility  of  more  than  4  for  this  simulation,  while  the 
peak  torsional  moment  is  796.6  kip^inches,  roughly  two-thirds  of  the  yield  moment.  This 
behavior  is  consistent  with  inelastic  simulations  in  previous  configurations,  and  is  the  result  of 
each  column  participating  in  the  seismic  resistance  in  each  of  the  three  directions  of  motion. 


8.3  Dynamic  Characterizations  of  the  Model 

Prior  to  performing  any  shaketable  simulations  using  the  earthquake  input  motions,  white  noise, 
sine  sweep,  and  sine  decay  tests  were  performed.  This  general  pattern  was  followed  for  Test 
Configuration  8,  as  can  be  seen  in  Table  8.2.  In  addition,  white  noise  tests  were  performed 
immediately  after  the  earthquake  simulation  exhibiting  inelastic  behavior,  EQ  46. 

The  dynamic  properties  of  the  test  structure,  as  measured  before  EQ  45  and  then  after  EQ  46,  are 
shown  in  Table  8.1.  The  results  indicate  that  despite  the  inelastic  behavior  in  these  two 
simulations,  no  meaningful  permanent  softening  of  the  stmcture  took  place.  Test  Configuration 
3,  as  discussed  in  Chapter  7,  also  exhibited  no  permanent  softening  of  the  structure. 


8.4  Observed  Condition  OF  THE  Structure 

In  inspecting  the  model  stmcture  for  fracture  in  the  weld  or  in  the  base  material,  none  was  foimd 
for  this  test  configuration.  No  photographs  were  taken  of  this  test  configuration. 


379 


8.5  Finite  Element  Analysis 


In  modeling  the  behavior  of  the  test  structure,  the  nonlinear  finite  element  analysis  programs 
Abaqus  and  Drain-3DX  were  employed.  During  the  earthquake  simulations  employing  the  larger 
scale  input  motions,  the  stmctural  response  exhibits  both  geometric  and  material  nonlinearities, 
both  of  which  Abaqus  and  Drain-3DX  can  model.  A  more  complete  discussion  of  the  applicable 
features  of  Abaqus  and  Drain-3DX  is  presented  in  Chapter  3.  Also,  some  aspects  of  the  finite 
element  model,  such  as  the  modeling  of  the  diaphragm  as  a  rigid  component,  are  common 
throughout  each  test  configuration,  and  are  discussed  more  completely  in  Chapter  3. 


(A)  Pipe  Column  Material  Model 

Two  coupons  were  taken  from  the  overall  batch  of  pipe  columns  used  in  Test  Configuration  8. 
The  material  models  of  the  pipe  columns  used  in  this  test  configuration  were  based  on  stress- 
strain  data  produced  during  each  coupon  tension  test.  Both  the  original  stress-strain  data  recorded 
during  the  coupon  tension  tests,  and  the  best-fit  material  model  used  in  the  finite  element  analyses 
are  shown  in  Figure  8. 10  for  Abaqus  and  in  Figure  8.11  for  Drain-3DX.  Shown  in  Tables  8.8  and 
8.9  are  the  numerical  stress-strain  best-fit  Abaqus  and  Drain-3DX  model  data,  respectively. 

(B)  Finite  Element  Model 

The  Abaqus  and  Drain-3DX  finite  element  models  used  for  this  configuration  are  shown  in 
Figures  8.12  and  8.13,  respectively.  Beyond  the  features  of  the  finite  element  model  common 
throughout  each  test  configuration  and  discussed  in  Chapter  3,  Figure  8.12  illustrates  the  location 
and  magnitudes  of  the  nodal  masses  and  the  height  of  the  Non-Rigid  Links  for  the  Abaqus  model. 
The  nodal  masses  placed  at  each  of  the  four  comers  of  the  diaphragm  each  have  a  magnitude  of 
1.791  lb*s^/in.  The  largest  interior  mass,  the  northeast  interior  mass,  has  a  magnitude  of  63.847 
lb*s^/in.  The  other  three  interior  masses  have  magnitudes  of  6. 1 1 7  lb*sVin.  The  height  of  the 
finite  element  model  diaphragm  in  this  test  configuration  is  67.804  inches,  resulting  in  a  height  of 
7.804  inches  for  each  of  the  four  Non-Rigid  Links.  Figure  8.13  shows  the  features  of  the  Drain- 
3DX  model,  beginning  with  the  largest  interior  mass  having  a  magnitude  of  64.765  lb*s^/in.  The 
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remaining  three  interior  masses  have  magnitudes  of  5.656  lb*s^/in,  while  the  comer  masses  have 
magnitudes  of  1.908  lb*s^/ra.  The  height  of  the  fom  Non-Rigid  Links  is  7.479  inches. 

(c)  Observed  Response 

Displacement  histories  along  the  X-  and  Y-Axis  and  rotation  histories  about  the  Z-Axis  are 
provided  for  the  100%  Biaxial  simulation  [PGAx  =  1.187  g  and  PGAy  =  0.699  g]  in  Figures  8.12 
and  8.13,  and  the  135%  Biaxial  simulation  [PGAx  =  1.559  g  and  PGAy  =  0.990  g]  in  Figures  8.14 
and  8.15.  Table  8.9  lists  the  maximum  peak  relative  displacements  in  the  X  and  Y  directions  and 
the  peak  rotation  for  both  earthquake  simulations. 

(D)  Observed  Response  Discussion 

In  Figures  8.14  -  8.17,  the  Abaqus  and  Drain-3 DX  displacement  and  rotation  response  histories 
for  EQ  45,  with  100%  Imperial  Valley  ground  motions,  can  be  seen  for  both  the  test  stmcture  and 
the  finite  element  model.  For  both  displacements  and  the  rotation,  the  fi-equency  contents  of  the 
response  histories  in  the  Abaqus  and  Drain-3DX  simulations  match  the  test  data  well.  In  both  the 
X  direction  and  Y  direction,  the  magnitudes  of  the  displacements  are  overestimated  by  the 
Abaqus  simulations,  by  approximately  12%  and  20%,  respectively.  For  the  rotation,  the  Abaqus 
simulations  predict  smaller  peak  displacements  at  a  number  of  points  in  the  time  history  and  a 
lesser  degree  of  permanent  deformation.  The  Abaqus  peak  rotation  differs  from  the  measured 
value  by  approximately  20%.  The  peak  displacements  in  the  X  and  Y  directions  predicted  by  the 
Drain-3DX  simulations  5%  and  30%,  respectively.  The  Drain-3DX  analysis  underestimated  the 
permanent  deformation  in  the  X  direction,  which  is  consistent  with  previous  configuration 
analyses.  Also  consistent  with  previous  analyses,  the  Drain-3DX  simulation  predicted  the  peak 
rotation  much  more  accurately  than  the  Abaqus  analysis,  with  a  difference  of  only  2%. 

In  Figures  8.18  -  8.21,  the  displacement  and  rotation  response  histories  for  EQ  46,  with  135% 
Imperial  Valley  ground  motions,  can  be  seen  for  both  the  test  structure  and  the  finite  element 
model.  For  both  displacements  and  the  rotation,  the  frequency  contents  of  the  response  histories 
in  the  Abaqus  and  Drain-3DX  simulations  again  match  the  test  data  well.  In  the  X  direction  the 
displacement  magnitudes  are  overestimated  by  the  Abaqus  simulation,  while  in  the  Y  direction 
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the  Abaqus  simulation  results  match  the  test  data  very  well.  The  peak  displacements  in  the  X 
direction  agree  to  within  16%,  while  the  peak  displacements  in  the  Y  direction  agree  to  within 
2%.  Abaqus  accurately  predicts  the  permanent  deformation  along  the  Y-Axis,  while 
overestimating  in  the  X  direction  by  roughly  40%.  For  the  rotation,  the  Abaqus  simulations  again 
predict  smaller  peak  displacements  at  a  number  of  points  in  the  time  history  and  a  lesser  degree  of 
permanent  deformation.  The  Abaqus  peak  rotation  differs  from  the  test  data  by  approximately 
25%.  The  peak  displacements  were  underestimated  by  the  Drain-3DX  simulations,  differing  by 
roughly  30%  in  the  X  direction  and  18%  in  the  Y  direction.  The  Drain-3DX  analyses  predicted 
virtually  no  permanent  deformation  in  the  X  direction,  while  the  final  offset  of  the  test  structure 
was  over  2  inches.  In  the  Y  direction,  the  actual  offset  was  roughly  2.5  inches,  while  Drain-3DX 
predicted  a  final  deformation  of  about  1  inch.  These  results  are  consistent  with  previous 
configurations.  Again,  the  Drain-3DX  analysis  was  more  accurate  in  predicting  the  peak  rotation, 
differing  by  only  17%. 

The  Abaqus  simulations  shown  in  Figures  8.12-8.15  each  utilize  the  combined  nonlinear 
isotropic/kinematic  hardening  model,  as  described  in  Chapter  3.  For  the  hardening  model  for 
these  simulations,  it  was  assumed  that  the  isotropic  part  of  the  hardening  would  compose  30%  of 
the  total  hardening.  This  figure  was  chosen  through  calibration  to  the  response  of  the  symmetric 
models  studied  in  earlier  chapters.  During  this  calibration,  it  was  determined  that  the  ratio  of 
isotropic  hardening  to  kinematic  hardening  also  can  have  a  large  impact  on  the  response 
characteristics  of  the  model.  For  the  configurations  in  previous  chapters,  the  column  material 
used  in  each  test  was  from  the  same  batch  of  pipe  columns.  The  configuration  discussed  in  this 
chapter  utilized  columns  taken  from  a  different  batch  of  pipe  steel.  This  is  clear  when  the  elastic- 
plastic  material  behavior  from  this  configuration  is  compared  with  the  column  material  behavior 
from  previous  configurations.  The  assumption  is  being  made  that  the  material  hardening 
behavior  for  the  steel  used  in  this  configuration  is  similar  in  nature  to  the  hardening  behavior  of 
the  steel  used  in  earlier  configurations  when  the  hardening  model  was  calibrated. 

8.6  Summary  and  Conclusions 

One  of  the  primary  goals  of  this  test  configuration  was  to  verify  the  repeatability  of  one  of  the 
simulations.  In  observing  the  structural  response  in  EQ  45  as  compared  to  EQ  23,  both  the  X- 
and  Y-Axis  response  are  very  similar.  The  very  small  difference  in  X-Axis  response  between  EQ 


45  and  EQ  23  is  not  unexpected  when  considering  that  the  X-Axis  PGA  for  EQ  23  was  roughly 
10%  larger  than  for  EQ  45.  Although  the  Y-Axis  responses  were  also  similar,  they  possessed 
more  deviations  than  the  X-Axis  responses.  The  Y-Axis  PGA  and  PSD  were  not  identical  for  EQ 
23  and  EQ  45,  differing  by  as  much  as  15%.  In  addition,  there  were  differences  in  the  column 
yield  strength  and  post-yield  stress-strain  behavior  between  EQ  23  and  EQ  45,  and  also 
differences  in  the  modal  frequencies.  Thus,  despite  the  intentions  of  performing  an  identical  test 
simulation  in  EQ  45  to  that  in  EQ  23,  small  but  noticeable  discrepancies  were  present  in  the  test 
confi^rations.  However,  these  discrepancies  were  not  significant  enough  to  prevent  validating 
the  repeatability  of  an  inelastic  simulation. 

As  discussed  in  previous  chapters,  the  methodology  used  in  the  Seismic  Provisions  of  using  an 
elastic  analysis  as  the  basis  for  determining  inelastic  response  of  structures  implies  that  the  ratio 
of  the  peak  rotation  to  the  peak  lateral  displacement  and  the  ratio  of  the  two  peak  lateral 
displacements  remain  constant  for  elastic  and  inelastic  response.  As  shown  below,  one  trend 
observed  in  the  wy/  ux  ratio  is  that  the  value  drops  when  moving  from  the  elastic  simulation,  such 
as  EQ  14  and  EQ  27,  to  the  first  inelastic  simulation,  EQ  15  and  EQ  28. 
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The  reason  for  the  uy/ux  ratio  drop  is  the  differing  degree  of  inelastic  behavior  and  stiffness  loss 
in  the  X  and  Y  directions  due  to  the  differences  in  ground  motions,  as  discussed  previously.  In 
moving  then  to  the  second  inelastic  simulation,  EQ  16  and  EQ  29,  the  uy/ux  ratios  increase  to 
values  very  near  the  ratios  observed  for  the  elastic  simulations.  As  the  amount  of  inelastic 
behavior  increases,  the  degree  to  which  stiffness  is  lost  in  the  X  and  Y  directions  becomes  more 
equal,  and  the  displacement  ductility  in  the  X  and  Y  directions  become  more  proportionally 
similar  to  those  observed  during  the  elastic  simulations.  In  analyzing  the  behavior  of  the  *4 
Asymmetric  Mass  test  configuration  in  the  previous  chapter,  with  EQ  22  and  EQ  23,  the  uy/ux 
ratio  drop  was  observed.  However,  no  further  complete  inelastic  simulations  were  performed. 
Although  this  test  configuration  is  not  identical  to  Test  Configuration  3,  it  is  close  enough  to 
provide  meaningful  information.  In  comparing  EQ  23  and  EQ  45,  both  'A  Asymmetric  Mass 
systems  with  100%  Biaxial  ground  motions,  the  uy/ Uxratio  for  EQ  45  is  significantly  larger, 

0.64  to  0.37.  By  extending  the  previous  discussion  of  the  causes  of  the  drops  and  increases  in  the 
Uy/ Uxratio,  it  would  appear  that  although  EQ  45  is  subjected  to  the  same  set  of  ground  motions, 
the  system  reached  a  greater  degree  of  yielding  than  in  EQ  23.  This  observation  is  supported  by 
the  fact  that  the  yield  stress  of  the  columns  used  in  EQ  45  was  nearly  20%  smaller  than  of  those 
used  in  EQ  23.  In  moving  to  EQ  46,  the  second  inelastic  simulation,  the  Uy/ uxratio  has 
increased  to  1.04,  which  is  slightly  larger  but  very  close  to  0.96,  the  ratio  for  EQ  22,  the  elastic 
simulation.  Thus,  although  the  ground  motions  for  this  second  inelastic  simulation  are  only  135% 
Imperial  Valley  as  opposed  to  the  150%  ground  motions  used  in  EQ  16  and  EQ  29,  it  appears  that 
there  has  been  a  similar  degree  of  X-  and  Y-Axis  stiffiiess  lost  in  EQ  46.  Thus,  EQ  46  validates 
the  trends  observed  in  Test  Configurations  2  and  3  by  combining  with  response  data  fi-om  Test 
Configuration  4. 

The  trend  observed  for  the  ug/ uxratio  in  Test  Configuration  3,  with  EQ  27  -  29,  was  a  ratio  of 
0.29  for  the  elastic  simulation,  which  then  increased  roughly  20%  for  the  first  inelastic 
simulations  and  then  remained  constant  for  the  second.  For  EQ  22,  the  elastic  simulation  for  Test 
Configuration  4,  the  ratio  was  0.28.  The  ug/ Uxratio  then  increased  roughly  20%  for  the  first 
inelastic  simulation.  The  values  observed  for  EQ  45  and  EQ  46  are  0.32  and  0.30,  which  appear 
to  validate  the  trend  observed  in  EQ  27  -  29.  Although  the  ug/ ux  ratios  in  EQ  45  and  EQ  46  are 
not  equal  to  each  other  and  also  are  not  equal  to  that  observed  for  EQ  23,  they  are  reasonably 
close  considering  the  small  but  noticeable  differences  in  Test  Configuration  3  and  Test 
Configuration  8.  As  discussed  previously,  the  large  “dip”  in  the  uy/ uxratio  for  EQ  23  does  not 
appear  to  be  present  for  the  ug  /  ux  ratio  due  to  the  fact  that  the  wg  and  Ux  displacements  are  much 
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more  tightly  coupled  than  are  the  wy  and  Ux  displacements.  For  this  configuration,  the  X-Axis 
input  ground  motion  has  a  peak  acceleration  and  elastic  spectral  acceleration  over  50%  larger 
than  for  the  Y-Axis.  Thus,  it  appears  that  the  X-Axis  motion  impacts  the  torsional  displacement 
to  a  greater  degree  than  the  Y-Axis  motion. 

The  general  trends  observed  with  the  finite  element  analyses  through  the  previous  test 
configurations  continue  with  Test  Configuration  8.  The  time  history  analyses  were  generally 
accurate  in  their  response  predictions,  although  not  as  accurate  as  with  Test  Configuration  3. 
Overall,  the  Abaqus  analyses  continued  to  predict  the  inelastic  peak  displacements  more 
accurately  than  the  Drain-3DX  analyses.  In  addition,  the  Abaqus  analyses  continued  to  predict 
any  permanent  deformation  much  more  accurately  than  Drain-3DX.  The  Drain-3DX  analysis 
predicted  virtually  no  permanent  offset  for  the  X-Axis  response  in  EQ  46,  while  the  test  structure 
possessed  a  final  deformation  of  over  2  inches.  The  one  significant  liability  with  the  Abaqus 
analyses  has  been  the  prediction  of  the  peak  rotation,  and  that  trend  continues  here  with  a 
difference  of  roughly  30%.  Drain-3DX  has  proven  to  be  noticeably  more  accurate  in  predicting 
the  peak  rotation,  in  this  case  with  a  difference  of  17%  fi*om  the  actual  response. 

The  Abaqus  analyses  have  consistently  proved  to  be  more  accurate  than  the  Drain-3DX  analyses 
throughout  the  test  configurations  in  predicting  the  inelastic  peak  displacements  of  the  structure. 
In  addition,  Abaqus  has  consistently  been  accurate  in  predicting  any  permanent  displacements, 
while  Drain-3DX  has  consistently  underestimated  these  values  by  a  factor  of  2-3.  The  one 
significant  liability  with  the  Abaqus  analyses  has  been  the  prediction  of  the  peak  rotation,  and  that 
trend  continues  here  with  a  difference  of  roughly  20%  and  25%  in  EQ  45  and  EQ  46, 
respectively.  Drain-3DX  has  consistently  predicted  the  peak  rotation  more  accurately,  with 
differences  of  2%  and  17%  in  EQ  45  and  EQ  46. 
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Mass 

[Ib*sVin] 

Mass  Centers  [in] 

Column  Properties 

x« 

B 

z» 

A  [in*] 

I  [ini 

90.141 

-15.201 

15.201 

67.479 

4.41 

9.61 

Modal  Frequencies  [Hz] 

Modal  Damping  [%] 

X 

Y 

e 

Y 

e 

Before  EQ  45 

0.389 

0.654 

0.671 

After  EQ  46 

B9 

my 

0.900 

0.814 

0.700 

Table  8.1  Test  Structvire  Dynamic  Properties  -  Test  Configuration  8 
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Test  Designation 

Input  Motions 

WNT52 

White  Noise  X-Axis 

WNT53 

White  Noise  Y-Axis 

WNT54 

White  Noise  Yaw-Axis 

SIN34 

Sine  Decay  X-Axis 

SIN35 

Sine  Decay  Y-Axis 

SIN36 

Sine  Decay  Yaw-Axis 

SWP34 

Sine  Sweep  X-Axis 

SWP35 

Sine  Sweep  Y-Axis 

SWP36 

Sine  Sweep  Yaw-Axis 

EQ45 

100%  Biaxial  Imperial  Valley 

EQ46 

135%  Biaxial  Imperial  Valley 

WNT55 

White  Noise  X-Axis 

WNT56 

White  Noise  Y-Axis 

WNT57 

White  Noise  Yaw-Axis 

SIN37 

Sine  Decay  X-Axis 

SIN38 

Sine  Decay  Y-Axis 

SIN39 

Sine  Decay  Yaw-Axis 

Table  8.2  Earthquake  Simulations  and  Dynamic  Characterization  Tests  -  Test  Configuration  8 
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E  [ksil  =  29000.0 
Stress  [ksi] 
0.000000 

29.900000 
30.200000 

30.600000 

31.900000 

32.600000 

33.900000 

35.200000 
41.100000 
44.800000 

47.500000 

49.500000 
.  50.900000 

52.890000 
54.070000 

55.200000 

55.600000 


Strain  [in/in] 
0.000000 
0.001031 
0.001500 
0.002000 
0.004000 
0.006000 
0.008000 
0.010000 
0.020000 
0.030000 
0.040000 
0.050000 
0.060000 
0.080000 
0.100000 
0.150000 
0.180000 


Plastic  Strain  [in/in] 


0.000000 

0.000459 

0.000945 

0.002900 

0.004876 

0.006831 

0.008786 

0.018583 

0.028455 

0.038362 

0.048293 

0.058245 

0.078176 

0.098136 

0.148097 

0.178083 


Table  8.8  Abaqus  Stress-Strain  Best-Fit  Material  Model  -  Test  Configuration  8 


E  [ksil  =29000.0 


Stress  [ksi] 

Strain  [in/in] 

0.00000 

0.00000 

29.90000 

0.001031 

31.90000 

0.004000 

41.10000 

0.020000 

49.80000 

0.050000 

55.20000 

0.150000 

Table  8.9  Drain-3DX  Stress-Strain  Best-Fit  Material  Model  -  Test  Configuration  8 
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ANGULAR  ACCELERATION  [G/IN] 


FORCE  [K]  ACCELERATION  [G] 


ANGULAR  ACCELERATION  [G/IN] 


5  10  15  20  25  0  5  10  15  20 

TIME  [S]  time  [S] 

Figure  8.4  Acceleration  and  Displacement  vs.  Time  -  EQ  46 
135%  Biaxial  Imperial  Valley  -  1/4  Asymmetric  Mass 
Four  4”  Extra-Strong  Columns 
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Base  Shear  [k]  Base  Shear  [k] 


Torsional  Moment  [k*in] 


1.00  1.50  2.00 

ad  [sec] 

-  100%  Biaxial  Imperial  Valley  Ground  Motion 
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Figure  8.9  Analytical  Displacement  vs.  Time  —  EQ  23  vs.  EQ  45  —  100%  Biaxial  Imperial  Valley 
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Figure  8.10  Abaqus  Stress  vs.  Strain  Finite  Element  Material  Model  Definition  -  Test  Configuration  8 
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Internal  Mass 
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Figure  8.14  Abaqus  Analytical  Displacement  vs.  Time  -  EQ  45  -  100%  Biaxial  Imperial  Valley 
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Figure  8.16  Drain-SDX  Analytical  Displacement  vs.  Time  -  EQ  45  - 100%  Biaxial  Imperial  Valley 
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Figure  8. 17  Drain-3DX  Analytical  Rotation  vs.  Time  -  EQ  45  -  100%  Biaxial  Imperial  Valley 
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Figure  8.18  Abaqus  Analytical  Displacement  vs.  Time  -  EQ  46  -  135%  Biaxial  Imperial  Valley 
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Figure  8.19  Abaqus  Analytical  Rotation  vs.  Time  -  EQ  46  -  135%  Biaxial  Imperial  Valley 
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Figure  8.20  Drain-SDX  Analytical  Displacement  vs.  Time  -  EQ  46  - 135%  Biaxial  Imperial  Valley 
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Figure  8.21  Drain-3DX  Analytical  Rotation  vs.  Time  -  EQ  46  -  135%  Bieixial  Imperial  Valley 


CHAPTER  9 

EXPERIMENTAL  AND  ANALYTICAL  RESPONSE  OF 
TEST  CONFIGURATION  5 


This  chapter  provides  a  summary  of  the  experimental  test  data  and  the  finite  element  analysis 
results  of  Test  Configuration  5.  The  fifth  configuration,  as  seen  in  Figure  9.1,  featured  all  of  the 
masses  loaded  on  the  north  side  of  the  diaphragm,  resulting  in  a  Vi  mass  asymmetry.  Two  4” 
Double  Extra-Strong  Columns  and  two  5”  Standard  Columns  were  used.  The  use  of  these 
columns  resulted  in  a  strength  asymmetry,  as  the  yield  bending  moment  and  axial  yield  load  for 
the  4”  Double  Extra-Strong  Columns  are  both  roughly  100%  larger,  respectively,  than  those  of 
the  5”  Standard  Columns.  No  stiffness  asymmetry  exists,  however,  as  both  types  of  columns 
have  nearly  identical  moments  of  inertia.  The  dynamic  properties  of  the  test  structure  in  Test 
Configuration  5  are  shown  in  Table  9.1. 

Five  earthquake  simulations  were  performed  with  this  test  configuration:  10%  X-Axis  only 
[PGAx  =  0.102  g],  10%  Y-Axis  only  [PGAy  =  0.064  g],  10%  Biaxial  input  motions  [PGAx  = 
0.100  g  and  PGAy  =  0.059  g],  100%  Biaxial  input  motions  [PGAx  =  1.086  g  and  PGAy  =  0.658 
g],  and  150%  Biaxial  [PGAx  =  1.637  g  and  PGAy  =  1.045  g].  Characterization  tests  were  also 
performed  to  determine  the  dynamic  properties  of  the  model.  The  complete  test  sequence  for 
Test  Configuration  5  is  shown  in  Table  9.2. 

The  first  three  earthquake  simulations,  EQ  30  with  10%  X-Axis,  EQ  3 1  with  10%  Y-Axis,  and 
EQ  32  with  10%  Biaxial  input  motion,  featured  elastic  behavior  only.  The  fourth  simulation,  EQ 
34,  using  100%  Biaxial  input  motions,  was  the  initial  inelastic  test  for  this  configuration  and  was 
followed  by  EQ  35,  using  150%  Biaxial  input  motions. 

This  chapter  summarizes  response  data  of  the  test  structure  during  the  earthquake  simulations  and 
the  characterization  tests.  Summaries  of  test  model  accelerations,  displacements,  torsional 
moments,  overturning  moments,  column  end  moments,  and  base  shears  are  provided. 
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9.1  Observed  Structural  Response 


The  diaphragm  acceleration  and  displacement  time  history  responses  for  the  10%  X-Axis 
simulation  are  shown  in  Figure  9.2.  The  base  shear  vs.  displacement  and  torque  vs.  rotation  are 
shown  in  Figure  9.3.  Similar  responses  for  the  10%  Y-Axis  simulation  are  shown  in  Figures  9.4 
and  9.5.  Results  for  the  10%  Biaxial  simulation  are  shown  in  Figures  9.6  and  9.7.  The  responses 
for  the  100%  Biaxial  simulation  are  shown  in  Figures  9.8  and  9.9.  Results  for  the  150%  Biaxial 
simulation  are  shown  in  Figures  9.10  and  9.1 1. 

Tables  9.3  -  9.7  list  the  peak  recorded  diaphragm  relative  displacements  and  peak  diaphragm 
accelerations,  and  corresponding  PGA  for  each  of  the  five  earthquake  simulations  performed  in 
this  test  configuration.  Also  listed  are  the  maximum  base  shears,  maximum  torsional  moments, 
maximum  overturning  moments,  maximum  column  end  moments  for  each  column,  and 
maximum  column  end  shears  for  each  column. 


9.2  Observed  Response  Discussion 

The  calculated  force-deformation  behavior  of  the  structure  in  the  X  and  Y  directions  and  about 
the  Z-Axis  is  shown  in  Figures  9.13  and  9.14.  In  the  X  direction,  the  model  has  a  yield 
displacement  of  0.53  inches  at  a  yield  force  of  35.89  kips.  In  the  Y  direction,  the  model  has  a 
yield  displacement  of  0.48  inches  at  a  yield  force  of  32.95  kips.  The  model  has  a  yield  rotation  of 
0.0067  radians  at  a  yield  moment  of  2270  kip*inches.  Elastic  response  spectra  of  the  recorded 
table  motions  for  EQ  30  -  EQ  32  and  EQ  34  are  shown  in  Figures  9.15  -  9.18,  respectively.  In 
addition,  the  modal  fi-equencies  for  this  configuration  with  respect  to  the  response  spectra  are 
indicated  in  Figures  9.15  -  9.18. 

The  first  earthquake  simulation  for  this  configuration,  EQ  30,  features  10%  Imperial  Valley  input 
motion  in  the  X-Axis  only  [PGAx  =  0.102  g].  Time  history  plots  of  the  structural  response  are 
shown  in  Figure  9.2.  The  peak  displacements  of  the  structure  were  0.21 1  inches  in  the  X 
direction  and  0.042  inches  in  the  Y  direction,  with  a  peak  rotation  of  0.36  x  10'^  radians.  The 
peak  displacement  predicted  by  static  analysis  is  0.202  inches  along  the  X-Axis,  with  no  Y-Axis 
displacement  or  rotation  predicted.  In  EQ  30,  with  no  eccentricity,  a  torsional  effect  is  not 
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expected,  and  it  appears  from  the  rotation  time  history  in  Figure  9.2  that  the  measured  rotation  is 
most  likely  a  product  of  the  shaketable  control  problem  discussed  in  Chapters  3  and  4.  Further, 
the  displacement  time  histories  indicate  no  residual  displacement  or  permanent  deformation. 

Also  verifying  the  elastic  response  are  the  peak  base  shears  and  peak  torsional  moment,  which  are 
14.27  kips  in  the  X  direction,  1.39  kips  in  the  Y  direction,  and  56.64  kip*inches  about  the  vertical 
axis.  Figure  9.3  shows  the  base  shear  vs.  displacement  plots  and  torsional  moment  vs.  rotation 
plot.  The  shear  vs.  displacement  plot  for  the  X  direction  is  tight  and  linear. 

In  EQ  31  the  model  is  subjected  to  a  10%  Y-Axis  input  motion  [PGAy  =  0.064  g].  Time  history 
plots  of  the  structural  response  are  shown  in  Figure  9.4.  The  peak  displacements  of  the  structure 
were  0.058  inches  in  the  Y  direction  and  0.025  inches  in  the  X  direction,  with  a  peak  rotation  of 
0.61  X  10'^  radians.  Static  analysis  predicts  a  Y-Axis  peak  displacement  of  0.065  inches,  a  peak 
rotation  of  0.21  x  10'^  radians,  and  no  X-Axis  displacement.  The  peak  base  shears  and  peak 
torsional  moment  are  3.88  kips  in  the  Y  direction,  0.41  kips  in  the  X  direction,  and  92.24 
kip*inches  about  the  vertical  axis.  Figure  9.5  shows  the  base  shear  vs.  displacement  plots  and 
torsional  moment  vs.  rotation  plot,  which  for  the  Y-Axis  and  Z-Axis  are  both  linear.  Due  to  the 
low  response  levels  in  the  Y-direction  and  about  the  Z-Axis,  both  hysteresis  shapes  are  obscured 
by  noise  from  the  data  acquisition  system. 

The  third  earthquake  simulation  for  this  configuration,  EQ  32,  features  10%  Imperial  Valley  input 
motion  along  both  the  X-Axis  and  Y-Axis  [PGAx  =  0.100  g  and  PGAy  =  0.059  g].  Time  history 
plots  of  the  structural  response  are  shovm  in  Figure  9.6.  The  peak  displacements  of  the  structure 
were  0.214  inches  in  the  X  direction  and  0.063  inches  in  the  Y  direction,  with  a  peak  rotation  of 
0.61  X  10'^  radians.  Static  analysis  predicts  peak  displacements  of  0.200  inches  along  the  X-Axis, 
0.062  inches  along  the  Y-Axis,  and  a  peak  rotation  of  0.20  x  10'^  radians.  The  displacement  time 
histories  indicate  no  residual  displacement  or  permanent  deformation.  The  peak  base  shears  and 
peak  torsional  moment  are  14.29  kips  in  the  X  direction,  4.74  kips  in  the  Y  direction,  and  1 13.58 
kip*inches  about  the  Z-axis.  Figure  9.7  shows  the  base  shear  vs.  displacement  plots  and  torsional 
moment  vs.  rotation  plot,  which  are  all  tight  and  linear,  indicating  no  yielding. 

Thus,  for  this  test  configuration,  the  static  analysis  was  both  conservative  and  unconservative  in 
predicting  the  elastic  peak  displacements,  differing  from  the  measured  displacements  by  as  much 
as  10%.  However,  the  static  analysis  is  consistently  unconservative  in  predicting  the  elastic  peak 
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rotations,  by  as  much  as  200%.  Note  that  the  structural  response  does  not  qualify  the  model  as 
torsionally  irregular  in  any  of  the  elastic  simulations. 

In  comparing  EQ  32  with  EQ  31,  the  addition  of  the  10%  X-Axis  input  motion  results  in  little 
change  in  the  Y-Axis  response  of  the  diaphragm,  as  the  peak  displacement  is  0.058  inches  for  EQ 
31  and  0.063  inches  for  EQ  32.  Because  this  configuration  has  an  eccentricity  in  the  X  direction 
only,  the  addition  of  an  input  motion  and  thus  response  in  the  X  direction  will  not  add  to  the 
torsional  effect.  This  is  verified  by  the  fact  that  the  torsional  moment  changes  little  between  EQ 
3 1  and  EQ  32.  In  addition,  the  diaphragm  rotation  is  0.61  x  10'^  radians  for  both  EQ  31  and  EQ 
32.  In  comparing  EQ  32  to  EQ  30,  the  addition  of  the  10%  Y-Axis  input  motion  causes  little 
change  in  the  X-Axis  response,  but  increases  the  peak  rotation  substantially.  The  peak 
displacement  in  the  X-Axis  changes  very  little  from  EQ  30  to  EQ  32,  0.21 1  inches  to  0.214 
inches.  The  peak  rotation  increases  from  0.36  x  10’^  radians  in  EQ  30  to  0.61  x  10"^  radians.  This 
rotation  response  in  EQ  30  was  previously  observed  to  be  a  resonant  vibration  response  due  to  the 
shake  table  motion  control  problem.  However,  EQ  32  featured  a  biaxial  ground  motion,  thus  no 
control  problem  was  present,  and  the  observed  resonant  response  in  EQ  30  would  not  be  present 
in  EQ  32.  The  same  argument  holds  in  comparing  the  Y-Axis  response  in  EQ  30  to  that  in  EQ 
32.  In  comparing  the  structural  response  from  one  simulation  to  the  next,  it  is  also  important  to 
take  note  of  any  differences  in  the  ground  motions.  The  peak  recorded  ground  accelerations 
(PGA)  for  EQ  30  -  EQ  32  change  very  little.  In  the  X  direction,  EQ  30  has  a  PGA  of  0. 102  g 
while  EQ  32  has  a  PGA  of  0.100  g.  In  the  Y  direction,  EQ  3 1  has  a  PGA  of  0.058  g  while  EQ  32 
has  a  PGA  of  0.059  g.  Also  of  importance  are  the  pseudo-spectral  displacements  (PSD).  In  the  X 
direction,  EQ  30  has  a  PSD  of  1.241  inches  while  EQ  32  has  a  PSD  of  1.245  inches.  In  the  Y 
direction,  EQ  31  has  a  PSD  of  1.092  inches  while  EQ  32  has  a  PSD  of  1.066  inches.  In  a  linear 
elastic  system,  the  displacement  response  in  EQ  32  should  be  the  equal  to  the  sum  of  the 
responses  in  EQ  30  and  EQ  31.  This  comparison  can  be  made  if  the  ground  motions  for  all  three 
simulations  were  the  same,  which  appears  to  be  the  case  here.  In  accoimting  for  the  Y-Axis  and 
rotational  response  in  EQ  30  as  due  to  the  table  control  problem,  the  response  in  EQ  32  is  in  fact 
equal  to  the  sum  of  those  in  EQ  30  and  EQ  3 1 . 

In  EQ  34,  the  first  test  in  this  configuration  that  features  inelastic  response,  the  model  structure  is 
subjected  to  100%  Imperial  Valley  input  motion  along  both  the  X-Axis  and  Y-Axis  [PGAx  = 
1.086  g  and  PGAy  =  0.658  g].  Time  history  plots  of  the  structural  response  are  shown  in  Figure 
9.8.  The  peak  displacements  of  the  structure  were  1.31  inches  in  the  X  direction  and  0.46  inches 
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in  the  Y  direction,  with  apeak  rotation  of  8.39  x  10'^  radians.  Thus,  the  response  in  the  X 
direction  exceeds  the  yield  displacement  of  0.53  inches,  while  the  Y-Axis  response  is  slightly  less 
than  the  yield  displacement  of  0.47  inches.  The  peak  base  shear  in  the  X  direction  of  60.36  kips 
is  greater  than  the  yield  shear  of  35.89  kips,  while  in  the  Y  direction  the  peak  base  shear  of  3 1.42 
kips  is  nearly  equal  to  yield  shear,  32.41  kips.  Despite  the  torsional  ductility  being  greater  than 
one,  the  peak  torsional  moment  is  approximately  1/3  of  the  torsional  yield  moment.  This 
behavior  has  been  observed  in  previous  configurations  as  the  result  of  the  dependence  of  the 
torsional  stiffoess  on  the  lateral  stiffiiesses  of  the  structure,  and  thus  the  interaction  of  the  lateral 
and  torsional  responses.  Figure  9.9  shows  the  base  shear  vs.  displacement  plots  and  torsional 
moment  vs.  rotation  plot,  which  are  no  longer  tight  and  linear,  but  now  are  taking  on  a  fuller 
shape.  However,  the  shear  vs.  displacement  plot  for  the  Y-Axis  response  remains  tight  and 
linear.  For  this  structure,  the  PSA  in  the  X  direction  is  4.77  as  compared  to  only  1.18  in  the  Y 
direction.  This  explains  why  the  structure  remains  elastic  in  the  Y  direction  while  responding 
inelastically  in  the  X  direction. 

The  acceleration  response  of  the  diaphragm  divided  by  the  peak  ground  acceleration  (PGA)  is 
shown  in  Table  9.4  as  the  normalized  acceleration.  In  EQ  32,  with  10%  Biaxial  input  motions, 
the  normalized  acceleration  response  of  the  diaphragm  is  4.04  in  the  X  direction,  and  2.31  in  the 
Y  direction.  The  input  ground  motions  are  increased  by  approximately  a  factor  of  10  in  EQ  34, 
but  the  acceleration  response  of  the  diaphragm  only  increases  by  about  4  in  the  X  direction  and  6 
in  the  Y  direction.  This  is  illustrated  in  the  normalized  acceleration  response  of  the  diaphragm, 
which  is  1 .57  in  the  X  direction  and  1.30  in  the  Y  direction.  Because  the  base  shears  are  roughly 
proportional  to  the  diaphragm  accelerations,  the  same  trends  can  be  observed  by  comparing  the 
peak  base  shears  to  the  peak  ground  accelerations. 

The  final  earthquake  simulation  for  this  configuration,  EQ  35,  features  150%  Imperial  Valley 
input  motion  along  both  the  X-Axis  and  Y-Axis  [PGAx  =  1.637  g  and  PGAy  =  1.045  g].  Time 
history  plots  of  the  structural  response  are  shown  in  Figure  9.10.  The  peak  displacements  of  the 
structure  were  2.8 1  inches  in  the  X  direction  and  1 .22  inches  in  the  Y  direction,  with  a  peak 
rotation  of  13.82  x  10'^  radians.  The  peak  base  shears  are  59.51  kips  in  the  X  direction  and  47.66 
kips  in  the  Y  direction.  The  base  shear  in  the  X  direction  for  EQ  35  actually  decreased  slightly 
from  EQ  34,  while  the  shear  in  the  Y  direction  increased  by  approximately  50%.  The  increase  in 
the  Y  direction  shear  was  in  proportion  to  the  increase  in  the  ground  motions  from  EQ  34  to  EQ 
35.  This  indicates  that  the  structure  is  responding  elastically  or  very  nearly  elastically  along  the 
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Y-Axis  for  EQ  35.  Although  the  yield  shear  in  the  Y  direction  is  32.41  kips,  Figure  9.13  shows 
that  the  change  in  stiffness  after  reaching  the  yield  shear  is  very  small  until  nearly  45-50  kips. 

The  peak  base  shear  in  the  Y  direction  for  EQ  35,  at  47.66  kips,  falls  into  this  range,  which 
explains  the  nearly  elastic  response.  The  peak  base  shear  decreases  slightly  in  EQ  35  from  EQ 
34,  while  the  torsional  moment  nearly  doubles,  increasing  from  732.2  kip*inches  to  1300.4 
kip*inches.  With  EQ  35,  as  shown  in  Figure  9.1 1,  the  base  shear  vs.  displacement  hysteresis 
loops  exhibit  a  more  full,  smooth  shape,  indicating  some  degree  of  inelastic  behavior.  Although 
in  the  Y  direction,  the  base  shear  is  still  nearly  elastic,  the  peak  displacement  response  is 
approximately  2-1/2  times  the  yield  displacement,  which  explains  the  inelastic  shape  of  the  base 
shear  vs.  displacement  loop.  This  behavior,  in  which  the  peak  shears  are  elastic  or  nearly  elastic 
while  the  ductility  is  much  larger  than  one,  has  been  observed  in  previous  configurations  for  the 
torsional  response  of  the  structure.  It  was  observed  that  the  peak  torsional  moment  was  smaller 
than  the  yield  moment,  while  the  peak  rotation  was  much  greater  than  the  yield  rotation.  This 
interaction  has  now  produced  the  same  effect  in  one  of  the  lateral  directions  as  well  as  the 
torsional  direction,  as  the  torsional  ductility  is  greater  than  2  while  the  peak  torsional  moment  is 
approximately  3/5  of  the  yield  moment.  The  torsional  moment  vs.  rotation  loop  has  become  more 
full  as  compared  with  EQ  34,  but  the  shape  is  somewhat  erratic  as  compared  with  the  base  shear 
vs.  displacement  loops.  Contrary  to  EQ  30  -  32,  a  small  amount  of  residual  displacement  is 
evident  in  the  X  direction  after  EQ  34,  as  seen  in  Figure  9.8.  The  permanent  displacement 
increases  slightly  in  EQ  35  in  both  directions,  as  seen  in  Figure  9.10. 

One  indicator  of  the  softening  of  the  structure  is  the  ratio  of  the  torsional  displacement  to  the  base 
shear.  As  yielding  occurs,  we  expect  to  see  displacements  increase  to  a  greater  degree  than  the 
inertial  forces.  This  is  verified  by  the  fact  that  the  torsional  displacement  to  base  shear  ratio  is 
approximately  3.5  times  larger  for  EQ  34  than  for  EQ  32.  Further,  for  EQ  35  the  ratio  is  more 
than  5  times  larger  than  for  EQ  32. 


9.3  Dynamic  Charactemzations  of  the  Model 

Prior  to  performing  any  shake  table  simulations  using  the  earthquake  input  motions,  white  noise, 
sine  sweep,  and  sine  decay  tests  were  performed,  as  discussed  in  Chapter  3.  This  general  pattern 
was  followed  for  Test  Configuration  5,  as  can  be  seen  in  Table  9.2.  In  addition,  white  noise  tests 
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were  performed  immediately  after  the  final  earthquake  simulation  exhibiting  inelastic  behavior, 
EQ35. 

The  dynamic  properties  of  the  test  structure,  as  measured  before  EQ  30  and  then  after  EQ  35,  are 
shown  in  Table  9.1.  The  results  in  Table  9.1  indicate  that  due  to  the  inelastic  behavior  during  EQ 
34  and  EQ  35,  permanent  softening  in  the  X  direction  did  take  place,  with  the  modal  frequency 
decreasing  from  4.35  Hz  to  3.85  Hz.  In  the  Y  direction,  no  permanent  softening  of  the  structure 
took  place,  which  follows  from  the  nearly  Unear  behavior  observed  in  the  Y  direction. 


9.4  Observed  Condition  of  the  Structure 

Following  each  of  the  major  earthquake  simulations,  the  model  structure  was  physically 
inspected.  Historically,  the  most  problematic  location  on  the  model  was  column-to-bottom  plate 
welded  joint  on  each  column.  For  Test  Configuration  5,  weld  fracture  did  become  an  issue. 
Following  EQ  32,  the  final  elastic  simulation,  EQ  33  was  performed  using  100%  Imperial  Valley 
ground  motions.  This  was  intended  to  be  the  first  inelastic  simulation  for  Test  Configuration  5. 
Less  than  five  seconds  into  the  test,  a  fracture  occurred  at  the  interface  between  the  weld  and  pipe 
column  at  the  base  of  one  of  the  4”  Double  Extra-Strong  columns.  The  columns  were 
subsequently  removed  and  the  weld  was  repaired  before  any  fiuther  tests  were  performed. 
Following  the  weld  repair,  EQ  34  was  run  as  a  repeat  of  EQ  33.  No  further  weld  or  base  material 
fractures  were  observed  during  the  remainder  of  the  simulations. 

Due  to  the  much  greater  strength  of  the  columns  as  compared  to  the  previous  configurations,  the 
peak  structural  displacements  were  much  smaller  for  this  configuration.  Consequently,  observing 
the  formation  of  plastic  hinges  near  the  tops  and  bottoms  of  the  columns  was  difficult.  For  the 
same  reason,  permanent  diaphragm  displacements  were  difficult  to  observe  as  well.  In  fact,  for 
the  final  simulation,  EQ  35  using  150%  Imperial  Valley  ground  motions,  the  permanent 
diaphragm  displacements  were  less  than  Vi-inch  in  the  X  direction  and  less  than  14-inch  in  the  Y 
direction.  For  this  reason,  photographs  of  the  structure  following  the  simulations  show  no 
apparent  changes  from  those  taken  beforehand.  Figures  9.19, 9.20  and  9.21  are  photographs  of 
the  test  structure  taken  before  any  earthquake  simulations  were  performed. 
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9.5  Finite  Element  Analysis 


In  modeling  the  behavior  of  the  test  structure,  the  nonlinear  finite  element  analysis  programs 
Abaqus  and  Drain-3DX  were  employed.  A  more  complete  discussion  of  the  applicable  features 
of  Abaqus  and  Drain-3DX  is  presented  in  Chapter  3.  Also,  some  aspects  of  the  finite  element 
model,  such  as  the  modeling  of  the  diaphragm  as  a  rigid  component,  are  common  throughout 
each  test  configuration,  and  are  discussed  more  completely  in  Chapter  3. 

(A)  Pipe  Column  Material  Model 

The  pipe  columns  used  in  Test  Configuration  5,  as  well  as  those  used  in  Test  Configuration  7, 
were  produced  fi-om  the  same  batch  of  raw  pipe  column  lengths.  As  a  result  of  this,  two  coupons 
were  taken  from  each  of  the  two  types  of  pipe  used  in  Test  Configurations  5  and  7, 4”  Double 
Extra-Strong  and  5”  Standard.  The  material  models  of  the  pipe  columns  in  these  two  test 
configurations  were  based  on  stress-strain  data  produced  during  coupon  tension  tests.  Figures 
9.22  and  9.23  show  both  the  original  stress-strain  data  recorded  during  the  coupon  tension  tests, 
and  the  best-fit  material  model  used  in  the  Abaqus  finite  element  analyses  for  the  5”  Standard  and 
4”  Double  Extra-Strong  pipe  material,  respectively.  Figures  9.24  and  9.25  show  the  original 
material  data  and  the  best-fit  material  model  used  in  the  Drain-3DX  finite  element  analyses. 
Shown  in  Tables  9.8  and  9.9  are  the  Abaqus  numerical  stress-strain  best-fit  model  data  for  the  5” 
Standard  and  4”  Double  Extra-Strong  pipe  material,  respectively.  Shown  in  Tables  9.10  and  9. 1 1 
are  the  Drain-3DX  best-fit  material  model  data  for  the  two  types  of  pipe  material. 

(B)  Finite  Element  Model 

The  Abaqus  and  Drain-3DX  finite  element  models  used  in  Test  Configuration  5  are  shown  in 
Figures  9.26  and  9.27.  Beyond  the  features  of  the  finite  element  model  common  throughout  each 
test  configuration,  these  figures  illustrate  the  location  and  magnitudes  of  the  nodal  masses  and  the 
height  of  the  Non-Rigid  Links.  As  shown  in  Figure  9.26,  the  nodal  masses  at  each  of  the  four 
diaphragm  comers  have  a  magnitude  of  2.705  lb*s^/in  in  the  Abaqus  model.  Two  of  the  interior 
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masses,  the  northeast  and  northwest  interior  masses,  each  have  a  magnitude  of  35.252  lb*s^/in. 
The  other  two  interior  masses,  located  on  the  south  side  of  the  diaphragm,  have  magnitudes  of 
4.578  lb*sVin.  The  height  of  the  Abaqus  model  diaphragm  in  this  test  configuration  is  68.691 
inches,  resulting  in  a  length  of  8.691  inches  for  each  of  the  four  Non-Rigid  Links.  As  shown  for 
the  Drain-3DX  model  in  Figure  9.27,  the  nodal  masses  placed  at  the  four  diaphragm  comers  have 
magnitudes  of  2.417  lb*s^/in.  The  interior  masses  on  the  north  side  of  the  diaphragm  each  have  a 
magnitude  of  35.203  lb*s^/in,  while  those  on  the  south  side  of  the  diaphragm  have  magnitudes  of 
5.203  lb*s^/in. 

(c)  Observed  Response 

Displacement  histories  along  the  X-  and  Y-Axis  and  about  the  Z-Axis  are  provided  for  the  10% 

Biaxial  simulation  [PGAx  =  0.100  g  and  PGAy  =  0.059  g]  in  Figures  9.28  -  9.31,  the  100% 

Biaxial  simulation  [PGAx  =  1.086  g  and  PGAy  =  0.658  g]  in  Figures  9.32  -  9.35,  and  the  150% 

Biaxial  simulation  [PGAx  ~  1.637  g  and  PGAy  =  1.045  g]  in  Figures  9.36  —  9.39.  Table  9.12  lists 

the  maximum  peak  relative  displacements  in  the  X  and  Y  directions  and  the  peak  rotation  for  the 
three  earthquake  simulations  listed  above. 

(D)  Observed  Response  Discussion 

In  Figures  9.28  -  9.31,  the  Abaqus  and  Drain-3DX  displacement  and  rotation  response  histories 
for  EQ  32  [PGAx  =  0. 1 00  g  and  PGAy  =  0.059  g]  can  be  seen  for  both  the  test  stmcture  and  the 
finite  element  models.  For  both  displacements  and  the  rotation,  the  frequency  contents  of  the 
response  histories  in  the  Ahaqus  and  Drain-3DX  simulations  match  the  test  data  very  well.  Also, 
as  seen  in  Table  9.12,  the  peak  displacements  in  both  directions  of  the  Abaqus  results  match  the 
test  data  fairly  well,  agreeing  to  within  1%  in  the  X  direction  and  within  1 1%  in  the  Y  direction. 
The  Drain-3DX  model  is  equally  accurate  in  the  Y  direction,  but  not  so  in  the  X  direction,  with  a 
difference  of  nearly  30%.  As  discussed  in  previous  chapters,  the  limitations  of  both  finite 
element  analysis  models  to  allow  the  damping  in  each  direction  independently  has  resulted  in  a 
compromise  damping  ratio  that  attempts  to  minimize  the  lack  of  accuracy  in  each  direction.  The 
Drain-3DX  model  appears  to  be  overdamped  in  the  X  direction,  which  is  consistent  with  the  fact 
that  the  actual  X-Axis  damping  ratio  is  roughly  half  of  the  Y-Axis  damping  ratio,  and  is  therefore 
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less  than  the  “compromise”  damping  ratio  used  in  the  model.  However,  this  is  also  true  for  the 
Abaqus  model,  and  it  accurately  predicts  the  X-Axis  response  history.  For  both  the  Abaqus  and 
Drain-3DX  models,  the  peak  displacements  appear  to  occur  in  the  same  time  region  for  both  the 
finite  element  model  and  the  test  structure.  The  peak  rotation  in  the  Abaqus  model  does  not  agree 
well  with  the  test  data  nor  does  the  Drain-3DX  model.  Both  predict  a  peak  rotation  less  than  half 
of  the  actual  peak  rotation.  As  observed  in  previous  configurations,  one  problem  with  matching 
to  the  rotation  data  of  the  test  structure  is  that  the  response  is  low  enough  that  noise  from  the  data 
acquisition  system  is  apparent  in  the  data.  Despite  this,  it  is  apparent  that  in  addition  to  the  peak 
rotations  not  matching  the  actual  value  very  well,  there  are  many  other  locations  in  the  time 
history  where  the  local  minima  and  maxima  do  not  match  well.  Although  the  rotation  has 
consistently  been  the  most  difficult  response  quantity  to  predict,  the  discrepancies  in  elastic 
simulations  in  previous  chapters  have  not  been  as  great  as  with  this  configuration. 

In  Figures  9.32  -  9.35,  the  displacement  and  rotation  response  histories  for  EQ  23  [PGAx  =  1.086 
g  and  PGAy  =  0.658  g]  can  be  seen  for  both  the  test  structure  and  the  finite  element  models.  For 
both  the  X-Axis  and  Y-Axis  displacements,  the  frequency  contents  of  the  response  histories  in 
both  the  Abaqus  and  Drain-3DX  simulations  match  the  test  data  well.  In  the  X  direction,  the 
Abaqus  and  Drain-3DX  analyses  overestimate  the  peak  displacement  by  25%  and  28%, 
respectively.  In  addition,  most  of  the  largest  local  response  minima  and  maxima  are 
overestimated  by  both  analyses.  In  the  Y  direction,  the  Abaqus  and  Drain-3DX  analyses 
overestimate  the  peak  displacement  by  17%  and  22%,  respectively.  Both  the  Abaqus  and  Drain- 
3DX  simulations  underestimate  the  peak  rotational  response  by  over  100%,  and  are  significantly 
inaccurate  at  many  points  along  the  time  history.  In  fact,  the  discrepancies  between  the  predicted 
rotational  response  and  the  actual  response  are  large  enough  that  the  frequency  content  at  times 
appears  to  be  different.  These  same  trends  continue  in  the  response  histories  for  EQ  35  [PGAx  = 
1.637  g  and  PGAy  =  1.045  g],  the  150%  simulation,  shown  in  Figures  9.36  -  9.39.  The  peak 
rotation  again  is  underestimated  by  more  than  100%  in  the  Abaqus  simulation  and  by  more  than 
80%  in  the  Drain-3DX  simulation.  The  rotation  time  histories  do  appear  to  match  in  the  location 
of  the  maximum  and  minimum  peaks.  However,  in  general,  the  rotation  time  histories  in  both  EQ 
34  and  EQ  35  do  not  match  very  well.  For  EQ  35,  the  Abaqus  and  Drain-3DX  simulations 
underestimate  the  peak  displacements  in  both  the  X  and  Y  directions.  In  the  X  direction,  the  peak 
displacements  agree  to  within  8%  and  5%,  respectively.  In  the  Y  direction,  the  peak 
displacements  agree  to  within  only  25%  and  17%.  There  is  little  actual  permanent  displacement 
in  the  Y  direction,  and  both  analyses  appear  to  predict  it  accurately.  In  the  X  direction,  there  is 
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3gain  only  a  small  amount  of  permanent  offset,  but  the  Abaqus  analysis  predicts  a  value  roughly 
double  the  actual  value.  In  general,  it  appears  that  this  test  configuration,  with  a  strength 
asymmetry  and  two  different  column  material  models,  is  more  difficult  to  correctly  model  in 
Abaqus.  As  has  been  shown  and  discussed  in  previous  chapters,  the  structural  response  in  the 
finite  element  simulations  is  affected  by  the  chosen  column  material  model.  The  presence  of  two 
different  types  of  columns  and  thus  two  different  material  models  only  amplifies  the  difficulty  in 
modeling  the  structural  response,  as  has  been  shown  in  Figures  9.27  -  9.30. 

For  the  hardening  model  for  these  simulations,  it  was  assumed  that  the  isotropic  part  of  the 
hardening  would  compose  30%  of  the  total  hardening.  This  figure  was  chosen  through 
calibration  to  the  response  of  the  symmetric  models  studied  in  Chapters  4  and  5.  As  with  the  test 
configuration  discussed  in  the  previous  chapter,  the  pipe  columns  used  in  this  test  configuration 
are  taken  fi'om  a  different  batch  of  pipe  steel  than  those  used  in  the  hardening  model  calibration 
test  configurations.  Thus,  the  assumption  is  again  being  made  that  the  material  hardening 
behavior  for  the  steel  used  in  this  configuration  is  similar  in  nature  to  the  hardening  behavior  of 
the  steel  used  in  earlier  configurations  when  the  hardening  model  was  calibrated.  The  fact  that 
the  analytical  response  results  do  not  match  the  experimental  results  as  well  as  in  previous 
configurations  could  be  a  result  of  this  assumption,  as  it  was  shown  that  the  ratio  of  isotropic 
hardening  to  kinematic  hardening  can  have  a  large  impact  on  the  response  characteristics  of  the 
model. 


9.6  Summary  AND  Conclusions 

In  previous  chapters,  the  Modified  fj/R  Ratio  was  introduced  and  discussed.  This  ratio  gives  a 
measure  of  the  amount  of  ductility  the  2000  NEHRP  Seismic  Provisions  expects  a  particular 
structure  to  experience  and  thus  for  which  it  must  be  designed.  The  Modified  fj/R  Ratio  was 
computed  as  the  normalized  displacement  in  an  inelastic  test  divided  by  the  normalized 
displacement  during  an  elastic  test  and  also  as  the  ratio  of  the  normalized  rotation  during  an 
inelastic  simulation  to  the  normalized  rotation  during  an  elastic  simulation.  For  EQ  34,  the  first 
inelastic  simulation  in  this  configuration,  the/z/i?  Ratios  were  0.56  in  the  X  direction,  0.67  in  the 
Y  direction,  and  1.28  torsionally.  For  EQ  35,  the  second  inelastic  simulation,  the////?  Ratios  were 
0.80  in  the  X  direction,  1.19  in  the  Y  direction,  and  1.39  torsionally. 


426 


}l/R  Ratio 

Configuration 

EQ 

X-Axis 

Y-Axis 

ZrAxis 

Symmetric  Mass 

100%  Uniaxial 

a 

N/A 

0.77 

N/A 

Symmetric  Mass 

100%  Biaxial 

D 

1.37 

0.86 

0.84 

Symmetric  Mass 

150%  Biaxial 

D 

1.77 

1.83 

1.08 

Vi  Asymmetric  Mass 
100%  Biaxial 

28 

0.90 

0.51 

1.07 

Vi  Asymmetric  Mass 
150%  Biaxial 

29 

1.17 

1.03 

1.39 

14  Asymmetric  Mass 
100%  Biaxial 

23 

1.60 

0.61 

1.90 

Vi  Asymmetric  Mass 
Strength  Asymmetry 
100%  Biaxial 

34 

0.56 

0.67 

1.28 

Vi  Asymmetric  Mass 
Strength  Asymmetry 
150%  Biaxial 

35 

0.80 

1.19 

1.39 

The  Seismic  Provisions  provides  a  range  of  0.86  to  0.69  for  an  Ordinary  Moment  Resisting  Frame 
(OMRF)  and  a  Special  Moment  Resisting  Frame  (SMRF),  respectively.  Although  the  values  of 
the  /j/R  Ratios  continue  to  be  inconsistent  for  differing  test  configurations,  earthquake 
magnitudes,  and  component  directions,  they  appear  to  generally  range  from  near  0.69,  the  lower 
bound  provided  by  the  Seismic  Provisions,  to  somewhere  near  twice  0.86,  the  upper  bound.  If  a 
structure  possesses  a  /j/R  Ratio  less  than  0.69,  it  simply  means  that  the  structure  was  designed  for 
larger  displacements  than  were  actually  achieved.  Of  greater  concern  is  a  structure  possessing  a 
fj/R  Ratio  significantly  larger  than  that  prescribed  for  design  by  the  Seismic  Provisions, 

However,  the  expected  level  of  overstrength  structures  are  assumed  during  design  to  possess 
would  be  a  significant  mitigating  factor  in  comparing  the  /j/R  Ratios  prescribed  by  the  Provisions 
with  those  determined  experimentally  here. 

The  methodology  used  in  the  Seismic  Provisions  of  using  an  elastic  analysis  as  the  basis  for 
determining  inelastic  response  of  structures  implies  that  the  ratio  of  the  peak  rotation  to  the  peak 
lateral  displacement  and  the  ratio  of  the  two  peak  lateral  displacements  remain  constant  for  elastic 
and  inelastic  response.  In  previous  configurations,  which  featured  four  4”  Extra-Strong  Columns, 
a  general  trend  emerged  in  the  uy/ux  ratio.  In  comparing  the  initial  inelastic  simulations  to  the 
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elastic  simulations,  the  uy/ux  ratio  decreased  noticeably.  Due  to  differences  in  the  X-  and  Y- 
Axis  ground  motions,  primarily  that  the  X-Axis  PSA  was  roughly  50%  greater  than  along  the  Y- 
Axis,  the  structure  yielded  to  a  greater  degree  in  the  X  direction  than  in  the  Y  direction  in  the  first 
inelastic  simulations.  This  resulted  in  a  greater  X-Axis  stiffiiess  loss,  and  a  larger  X-Axis 
displacement  response  proportionally  to  the  Y-Axis  response.  In  observing  the  response  during 
the  second  and  larger  inelastic  simulations,  the  uy/  ux  ratios  increased  to  roughly  the  same  value 
as  during  the  elastic  tests.  During  the  larger  inelastic  simulations,  the  structure  had  traveled 
further  along  the  force-displacement  curve  to  the  point  where  it  has  lost  roughly  an  equal  amount 
of  stiffness  in  each  direction. 

For  EQ  32  in  this  test  configuration,  the  uy/ux  ratio  is  0.29,  as  shown  below.  This  value  is  much 
smaller  than  the  uy/ux  ratio  for  EQ  27,  the  elastic  test  for  Test  Configuration  4,  and  all  other 
elastic  tests  in  previous  configurations.  The  difference  between  the  uy/ Ux  ratios  for  EQ  32  and 
EQ  27  is  a  result  of  the  spectral  accelerations  in  the  two  tests.  For  EQ  27,  the  X-Axis  PSA  was 
0.36  while  the  Y-Axis  PSA  was  0.30.  For  EQ  32,  the  X-Axis  PSA  was  0.39  while  the  Y-Axis 
PSA  was  only  0. 12.  With  the  stiffer  columns  used  in  this  test  configuration,  the  modal 
frequencies  are  noticeably  larger  than  for  previous  test  configurations  resulting  in  different 
response  characteristics.  Also  different  from  previous  configurations,  the  Uy/ux  ratio  does  not 
exhibit  a  large  drop  when  comparing  the  first  inelastic  test  to  the  elastic  test.  This  decrease  was 
previously  attributed  to  the  structure  yielding  significantly  in  the  X  direction,  while  a  lesser 
degree  of  yielding  occurred  in  the  Y  direction.  For  EQ  34,  the  first  inelastic  simulation  in  this 
configuration,  the  ratio  increases  slightly  to  0.35.  With  the  stronger  and  stiffer  colunons  used  in 
this  test  configuration,  the  X-Axis  and  Y-Axis  pushover  analysis  yield  forces  are  roughly  75% 
greater  than  in  previous  configurations.  The  effect  of  this  is  evident  as  the  ductility  experienced 
by  the  structure  in  the  first  inelastic  test,  EQ  34,  is  less  than  half  the  ductility  experienced  during 
the  initial  inelastic  tests  in  previous  configurations.  Thus,  it  appears  that  its  greater  yield  strength 
has  prevented  the  structure  from  moving  far  enough  along  the  force-deformation  curve  to  create 
the  large  difference  in  X-Axis  and  Y-Axis  lateral  stiffness  seen  in  previous  configurations.  In  the 
second  inelastic  test,  EQ  35  in  which  150%  Imperial  Valley  ground  motions  were  used,  the 
ductility  experienced  by  the  structure  is  roughly  equal  to  the  ductilities  experienced  in  the  initial 
inelastic  tests  in  previous  configurations. 
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Configuration 

EQ 

Uy/Ux 

ue/ux 

Symmetric  Mass 

25%  Biaxial 

B 

N/A 

Symmetric  Mass 

100%  Biaxial 

B 

0.43 

N/A 

Symmetric  Mass 

150%  Biaxial 

16 

0.80 

N/A 

14  Asymmetric  Mass 

10%  Biaxial 

27 

0.86 

0.29 

Asymmetric  Mass 

100%  Biaxial 

28 

0.51 

0.35 

!4  Asymmetric  Mass 

150%  Biaxial 

29 

0.85 

0.35 

!4  Asymmetric  Mass 

10%  Biaxial 

22 

0.96 

0.28 

Va  Asymmetric  Mass 

100%  Biaxial 

23 

0.37 

0.33 

%  Asymmetric  Mass 

1 00%  Biaxial 

B 

0.64 

0.32 

Va  Asymmetric  Mass 

135%  Biaxial 

1.04 

0.30 

Vz  Asymmetric  Mass 
Strength  Asymmetry 

1 0%  Biaxial 

32 

0.29 

0.14 

Vz  Asymmetric  Mass 
Strength  Asymmetry 
100%  Biaxial 

34 

0.35 

0.31 

Vz  Asymmetric  Mass 
Strength  Asymmetry 
150%  Biaxial 

35 

0.44 

0.24 

The  trend  observed  for  the  torsional  motion  in  previous  test  configurations  was  that  the  ug/  Ux 
ratio  for  the  first  inelastic  simulation  was  roughly  20%  larger  than  for  the  elastic  test.  Further, 
the  ug/ux  ratio  for  the  second  inelastic  test  was  roughly  equal  to  that  for  the  first  inelastic  test. 
For  EQ  32,  the  last  elastic  simulation,  the  ug/uxratio  is  0.14.  The  value  increases  to  0.31  for  EQ 
34,  the  first  inelastic  test,  and  then  decreases  slightly  to  0.24  for  the  second  inelastic  test.  Thus, 
the  ug/ux  ratio  for  the  inelastic  tests  in  this  configuration  are  roughly  twice  as  large  as  for  the 
elastic  test,  not  the  20%  observed  in  previous  configurations.  The  presence  of  the  strength 
asymmetry  in  this  configuration,  with  the  two  4”  Double  Extra-Strong  Columns  having  a  yield 
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moment  nearly  twice  as  large  as  for  the  two  5”  Standard  Columns,  is  the  primary  source  of  this 
behavior.  As  the  response  increases  to  the  point  where  yielding  begins,  the  two  5”  Standard 
Columns  will  yield  before  the  other  two  columns,  and  to  a  much  greater  degree.  In  fact,  it  is 
possible  that  the  two  stronger  columns  may  remain  elastic  throughout  the  entire  response  while 
the  weaker  ones  yield.  During  the  instances  or  periods  during  the  simulation  when  one  or  both  of 
the  weaker  columns  yields,  an  instantaneous  stiffness  eccentricity  appears  which  was  not  present 
during  the  elastic  tests.  This  stiffness  eccentricity  may  significantly  increase  the  torsional 
response  of  the  structure.  Although  in  previous  configurations  it  is  likely  that  all  four  columns 
did  not  yield  simultaneously,  and  therefore  this  phenomenon  may  have  occurred  to  some  degree, 
the  presence  and  degree  of  the  strength  eccentricity  increased  the  effect  substantially,  as 
demonstrated  by  the  ug/ux  ratios  in  this  configuration.  This  type  of  asymmetry  may  present  a 
significant  problem  in  design,  as  the  stiffness  eccentricity  that  may  appear  will  do  so  only  in 
inelastic  simulations.  Thus,  the  assumption  that  the  ug/  ux  ratio  remains  the  same  for  elastic  and 
inelastic  response  clearly  does  not  hold  for  this  case.  The  degree  to  which  this  parameter  will 
increase  for  inelastic  response  will  depend  on  the  specific  configuration  and  material  properties  of 
the  structure. 

The  time  history  analyses  performed  for  this  configuration  using  Abaqus  and  Drain-3DX  were 
fairly  accurate  in  their  predictions  of  the  experimental  displacement  response.  However,  they 
were  generally  inaccinate  in  their  predictions  of  the  rotational  response.  In  comparison  with 
previous  test  configurations,  the  finite  element  analyses  proved  to  be  slightly  less  accurate  in 
predicting  displacement  response  and  significantly  less  accurate  in  predicting  rotational  response. 
No  consistent  pattern  emerged  as  to  which  analysis  program  was  more  accurate  in  this  test 
configuration.  With  respect  to  the  inelastic  simulations,  the  Abaqus  and  Drain-3DX  were  on 
average  inaccurate  by  15-20%  in  predicting  displacement  response,  in  some  cases  overestimating 
and  in  some  cases  underestimating  the  response.  In  predicting  the  rotational  response,  Abaqus 
and  Drain-3DX  consistently  underestimated  the  peak  value  by  roughly  50%,  for  both  the  elastic 
and  inelastic  simulations.  For  EQ  34,  the  difference  between  the  predicted  and  actual  peak 
rotation  is  roughly  4.5  x  10'^  radians,  corresponding  to  an  edge  displacement  due  to  rotation  of 
0.22  inches.  An  edge  displacement  of  0.22  inches  is  roughly  1/6  of  the  peak  X-Axis 
displacement  and  roughly  1/2  of  the  peak  Y-Axis  displacement.  Thus,  the  differences  between 
the  predicted  and  actual  rotational  response  are  not  insignificant. 
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In  previous  test  configurations,  the  rotation  has  consistently  been  the  most  difficult  response 
parameter  to  predict.  However,  even  in  the  cases  when  the  magnitudes  of  the  rotational  response 
were  noticeably  different  between  the  predicted  and  actual  responses,  the  frequency  content  of  the 
time  histories  typically  matched  well.  As  observed  and  discussed  in  previous  configurations, 
each  column  participates  in  the  seismic  resistance  of  the  structure  in  each  of  the  three  directions 
of  motion.  As  a  column  yields  due  to  lateral  response,  the  instantaneous  torsional  stifftiess  of  the 
structure  consequently  changes  as  well,  impacting  the  torsional  response.  Accurately  predicting 
the  instantaneous  lateral  and  torsional  stiffness  and  thus  the  overall  response  during  inelastic 
simulations  is  significantly  affected  by  the  ability  to  accurately  model  the  material  behavior  of  the 
columns.  In  this  configuration,  two  different  types  of  columns  are  present,  each  with  unique  yield 
stress,  post-yield  behavior,  and  cross-sectional  properties.  Any  inaccuracies  in  the  modeling  of 
the  columns  and  their  properties  amplify  the  potential  for  difficulties  in  response  prediction,  in 
comparison  with  previous  configurations  having  foiu  identical  columns.  Thus,  it  is  not  surprising 
that  in  this  configuration  the  Abaqus  and  Drain-3DX  analyses  were  less  accurate  in  predicting  the 
frequency  content  of  the  rotational  response,  as  it  depends  significantly  on  the  instantaneous 
rotational  stiffness  of  the  structure. 
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Mass 

Mass  Centers  [in] 

5”  Standard 
Column  Properties 

4”  Double  Extra-Strong 
Column  Properties 

[ID  s  /inj 

Xo 

B 

Z« 

A  [in'] 

I  [ini 

A  [in'] 

I  [ini 

91.572 

-15.007 

0.0 

68.229 

4.30 

15.2 

8.10 

15.3 

Modal  Frequencies  [Hz] 

Modal  Damping  [%] 

X 

Y 

e 

X 

e 

Before  EQ  30 

4.348 

4.255 

9.091 

0.767 

1.597 

m 

After  EQ  35 

3.846 

4.255 

9.091 

0.664 

m 

Table  9. 1  Test  Structure  Dynamic  Properties  -  Test  Configuration  5 
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Test  Designation 

Input  Motions 

WNT28 

White  Noise  X-Axis 

WNT29 

White  Noise  Y-Axis 

WNT30 

White  Noise  Yaw-Axis 

SIN13 

Sine  Decay  X-Axis 

SIN14 

Sine  Decay  Y-Axis 

SIN15 

Sine  Decay  Yaw-Axis 

SWP13 

Sine  Sweep  X-Axis 

SWP14 

Sine  Sweep  Y-Axis 

SWP15 

Sine  Sweep  Yaw-Axis 

EQ30 

10%  X-Axis  Imperial  Valley 

EQ31 

10%  Y-Axis  Imperial  Valley 

EQ32 

10%  Biaxial  Imperial  Valley 

EQ33 

100%  Biaxial  Imperial  Valley 

SIN16 

Sine  Decay  X-Axis 

SIN17 

Sine  Decay  Y-Axis 

SIN18 

Sine  Decay  Yaw-Axis 

SWP16 

Sine  Sweep  X-Axis 

SWP17 

Sine  Sweep  Y-Axis 

SWP18 

Sine  Sweep  Yaw-Axis 

EQ34 

100%  Biaxial  Imperial  Valley 

EQ35 

150%  Biaxial  Imperial  Valley 

WNT37 

White  Noise  X-Axis 

WNT38 

White  Noise  Y-Axis 

WNT39 

White  Noise  Yaw-Axis 

SIN19 

Sine  Decay  X-Axis 

SIN20 

Sine  Decay  Y-Axis 

SIN21 

Sine  Decay  Yaw-Axis 

SWP19 

Sine  Sweep  X-Axis 

SWP20 

Sine  Sweep  Y-Axis 

SWP21 

Sine  Sweep  Yaw-Axis 

Table  9.2  Earthquake  Simulations  and  Dynamic  Characterization  Tests  -  Test  Configuration  5 
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E  fksil  =  29000.0 


Stress  [ksi] 

Strain  [in/in] 

Plastic  Strain  [in/in] 

0.000000 

0.000000 

41.000000 

0.001414 

0.000000 

44.000000 

0.001600 

0.000083 

46.200000 

0.001800 

0.000207 

47.820000 

0.002000 

0.000351 

49.400000 

0.002500 

0.000797 

50.080000 

0.003000 

0.001273 

51.200000 

0.005000 

0.003234 

52.800000 

0.010000 

0.008179 

53.920000 

0.015000 

0.013141 

55.700000 

0.020000 

0.018079 

57.300000 

0.030000 

0.028024 

58.600000 

0.040000 

0.037979 

60.200000 

0.060000 

0.057924 

61.200000 

0.080000 

0.077890 

61.700000 

0.100000 

0.097872 

62.100000 

0.150000 

0.147859 

61.700000 

0.200000 

0.197872 

Table  9.8  Abaqus  Stress-Strain  Best-Fit  Material  Model  -  5”  Standard  Colunms 

Test  Configuration  5 
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E  [ksil  =  29000.0 


Stress  [ksi] 

Strain  [in/in] 

Plastic  Strain  [in/in] 

0.000000 

0.000000 

42.000000 

0.001448 

0.000000 

46.000000 

0.006000 

0.004414 

51.000000 

0.014000 

0.012241 

54.300000 

0.020000 

0.018128 

59.500000 

0.030000 

0.027948 

62.900000 

0.040000 

0.037831 

66.100000 

0.050000 

0.047721 

69.800000 

0.070000 

0.067593 

71.700000 

0.090000 

0.087528 

72.800000 

0.110000 

0.107490 

73.400000 

0.150000 

0.147469 

72.800000 

0.200000 

0.197490 

Table  9.9  Abaqus  Stress-Strain  Best-Fit  Material  Model  -  4”  Double  Extra-Strong  Columns 

Test  Configuration  5 
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E  [ksil  =  29000.0 


Stress  [ksi] 

Strain  [in/in] 

0.00000 

0.00000 

48.00000 

0.001666 

51.20000 

0.005000 

57.30000 

0.030000 

61.20000 

0.080000 

62.10000 

0.150000 

Table  9.10  Drain-3DX  Stress-Strain  Best-Fit  Material  Model  -  5”  Standard  Columns 

Test  Configuration  5 


E  [ksil  =29000.0 


Stress  [ksi] 

Strain  [in/in] 

0.00000 

0.00000 

42.00000 

0.001448 

46.00000 

0.006000 

59.50000 

0.030000 

69.80000 

0.070000 

73.40000 

0.150000 

Table  9.1 1  Drain-3DX  Stress-Strain  Best-Fit  Material  Model  -  4”  Double  Extra-Strong  Columns 

Test  Configuration  5 
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Figure  9. 1  Perspective  View  of  Test  Configuration  Model  5 
[A]  2  -  5”  Standard  Columns  and  [B]  2  -  4”  Double  Extra-Strong  Columns 
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Figure  9.3.  Force  vs.  Displacement  and  Torsional  Moment  vs.  Rotation  -  EQ  30 
10%  X-Axis  Imperial  Valley  -  1/2  Asymmetric  Mass 
Two  5”  Standard  Columns  and  Two  4”  Double  Extra-Strong  Columns 
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ANGULAR  ACCELERATION  [G/IN] 


FORCE  [K]  ACCELERATION  [G] 


Figure  9.5.  Force  vs.  Displacement  and  Torsional  Moment  vs.  Rotation  -  EQ  3 1 
10%  Y-Axis  Imperial  Valley  -  1/2  Asymmetric  Mass 
Two  5”  Standard  Columns  and  Two  4”  Double  Extra-Strong  Columns 
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Figure  9.9.  Force  vs.  Displacement  and  Torsional  Moment  vs.  Rotation  ~  EQ  34 
100%  Biaxial  Imperial  Valley  -  1/2  Asymmetric  Mass 
Two  5”  Standard  Columns  and  Two  4”  Double  Extra-Strong  Columns 
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Figure  9.10.  Acceleration  and  Displacement  vs.  Time  -  EQ  35 
150%  Biaxial  Imperial  Valley  -  1/2  Asymmetric  Mass 
Two  5”  Standard  Columns  and  Two  4”  Double  Extra-Strong  Columns 
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Figure  9.1 1 .  Force  vs.  Displacement  and  Torsional  Moment  vs.  Rotation  -  EQ  35 
150%  Biaxial  Imperial  Valley  -  1/2  Asymmetric  Mass 
Two  5”  Standard  Columns  and  Two  4”  Double  Extra-Strong  Columns 


■53 


2.0  4.0  6.0  8.0  10.0 

Displacement  [in] 


Figure  9.12  Force-Deformation  Response  -  Test  Configuration  5 
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Torsional  Moment  [k*in] 
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Figure  9.13  Torsional  Moment-Rotation  Response  -  Test  Configuration  5 
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Figure  9.14  Maximum  Force  vs.  Displacement  and  Maximum  Torsional  Moment  vs.  Rotation 
10%  -  150%  Biaxial  Imperial  Valley  -  1/2  Asymmetric  Mass 
Two  5”  Standard  Columns  and  Two  4”  Double  Extra-Strong  Columns 
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Deformation  [in]  PSA  [g] 
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Deformation  [in]  PSA  [g] 


458 


Deformation  [in]  PSA  [g] 


0.5 

0.4 

0.3 

0.2 

0.1 

0.0 

1.4 
1.2 

1.0 
0.8 

0.6 
0.4 
0.2 
0.0 

Figure  9.17  Elastic  Response  Spectra  -  EQ  32  -  10%  Biaxial  Imperial  Valley  Ground  Motion 
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Figure  9.23 
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Figure  9. 


466 


Figure  9.25 


Corner  Moss  =  2.705  lb*s^/i 
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Figure  9.26  Abaqus  Finite  Element  Model  for  Test  Configuration  5 


Internal  Mass  =  35.203  lb*s^/in  705 
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Figure  9.27  Eh'ain-3DX  Finite  Element  Model  for  Test  Configuration  5 
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Figure  9.28  Abaqus  Displacement  vs.  Time  -  EQ  32  -  10%  Biaxial  Imperial  Valley 
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Figure  9.30  E)rain-3DX  Displacement  vs.  Time  -  EQ  32  -  10%  Biaxial  Imperial  Valley 
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Figure  9.3 1  Drain-SDX  Rotation  vs.  Time  -  EQ  32  -  10%  Biaxial  Imperial  Valley 
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Figure  9.32  Abaqus  Displacement  vs.  Time  -  EQ  34  -  100%  Biaxial  Imperial  Valley 
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Figure  933  Abaqus  Rotation  vs.  Time  -  EQ  34  -  100%  Biaxial  Imperial  Valley 
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Figure  9.34  Drain-3DX  Displacement  vs.  Time  -  EQ  34  -  100%  Biaxial  Imperial  Valley 
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Figure  9.36  Abaqus  Displacement  vs.  Time  -  EQ  35  -  150%  Biaxial  Imperial  Valley 
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Figure  9.37  Abaqus  Rotation  vs.  Time  -  EQ  35  -  150%  Biaxial  Imperial  Valley 


Figure  9.38  Drain-3DX  Displacement  vs.  Time  -  EQ  35  -  150%  Biaxial  Imperial  Valley 


CHAPTER  10 

EXPERIMENTAL  AND  FINITE  ELEMENT  RESPONSE  OF 
TEST  CONFIGURATION  6 


This  chapter  provides  a  summary  of  the  experimental  test  data  and  the  finite  element  analysis 
results  of  Test  Configuration  6.  The  sixth  configuration,  as  seen  in  Figure  10.1,  featured  all  of  the 
masses  loaded  on  the  south  side  of  the  diaphragm,  resulting  in  a  !4  mass  asymmetry,  and  four  4” 
Extra-Strong  Columns.  In  addition,  concentric  lateral  bracing  was  located  on  the  north  and  south 
sides  of  the  structure.  The  bracing  on  the  north  side  of  the  structure  was  1-3/8”  x  1/4”,  while  on 
the  south  side  the  bracing  used  was  1-7/8”  x  1/4”.  The  dynamic  properties  of  the  test  structure  in 
Test  Configuration  6  are  shown  in  Table  10.1. 

Due  to  increase  in  strength  and  stiffness  with  the  addition  of  the  concentric  bracing,  it  was 
determined  that  the  current  set  of  ground  motions  would  be  insufficient  to  produce  the  desired  Y- 
Axis  displacement  ductility.  As  a  result,  the  Y-Axis  Imperial  Valley  ground  motion  used  in  each 
of  the  previous  configurations  was  modified.  The  ground  motion  was  subjected  to  a  high-pass 
filter  at  1  Hz,  followed  by  scaling  the  result  by  a  factor  of  4.  The  result  of  this  modification  can 
be  readily  seen  as  the  Y-Axis  PGA  of  EQ  39,  the  first  100%  Biaxial  simulation,  is  1.926  g.  In 
comparison,  the  Y-Axis  PGA  of  EQ  28,  the  first  100%  Biaxial  simulation  in  Test  Configuration 
4,  was  0.71 1  g.  The  X-Axis  ground  motion  remained  unchanged  fi'om  that  used  in  previous 
configurations.  This  new  set  of  reference  ground  motions  was  also  used  in  Test  Configuration  7, 
which  also  featured  concentric  bracing  in  the  north  and  south  frames  of  the  structure. 

Five  earthquake  simulations  were  performed  with  this  test  configuration:  10%  X-Axis  only 
[PGAx  =  0.1 19  g],  10%  Y-Axis  only  [PGAy  =  0.189  g],  10%  Biaxial  [PGAx  =  0.1 17  g  and  PGAy 
=  0.191  g],  100%  Biaxial  [PGAx  =  0.846  g  and  PGAy  =  1.926  g],  and  a  final  set  with  100%  X- 
Axis  90%  Y-Axis  motions  [PGAx  =  1-318  g  and  PGAy  =  1.951  g].  Characterization  tests  were 
performed  to  determine  the  dynamic  properties  of  the  model.  The  complete  test  sequence  for 
Test  Configuration  6  is  shown  in  Table  10.2. 
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The  first  three  earthquake  simulations,  EQ  37  with  10%  X-Axis,  EQ  38  with  10%  Y-Axis,  and 
EQ  36  with  10%  Biaxial  input  motions,  featured  elastic  behavior  only.  The  fourth  simulation,  EQ 
39  using  100%  Biaxial  input  motions,  was  the  initial  inelastic  test  for  this  configuration.  During 
the  fourth  simulation,  EQ  39,  the  test  aborted  less  than  halfway  through  due  to  the  shake  table 
reaching  its  velocity  limit  along  the  Y-Axis.  Subsequently,  an  additional  test  was  performed,  EQ 
40,  in  which  Y-Axis  input  motion  was  reduced  to  90%  while  the  X-Axis  input  motion  remained 
at  100%.  This  final  test  therefore  featured  not  only  inelastic  behavior,  but  also  pre-existing 
damage  in  the  model  columns;  however,  the  final  test  again  aborted  less  than  halfway  through  the 
record. 

This  chapter  summarizes  response  data  of  the  test  structure  during  the  earthquake  simulations  and 
the  dynamic  characterization  tests.  Summaries  of  test  model  accelerations,  displacements, 
torsional  moments,  overtimiing  moments,  column  end  moments,  and  base  shears  are  provided. 

10.1  Observed  Structural  Response 

The  diaphragm  acceleration  and  displacement  time  history  responses  for  the  10%  X-Axis 
simulation  are  shown  in  Figure  10.2.  The  base  shear  vs.  displacement  and  torque  vs.  rotation  are 
shown  in  Figure  10.3.  Similar  responses  for  the  10%  Y-Axis  simulation  are  shown  in  Figures 
10.4  and  10.5.  Results  for  the  10%  Biaxial  simulation  are  shown  in  Figures  10.6  and  10.7.  The 
responses  for  the  100%  Biaxial  simulation  are  shown  in  Figures  10.8  and  10.9.  Resnlts  for  the 
100%  X-Axis  90%  Y-Axis  simulation  are  shown  in  Figures  10.10  and  10.1 1. 

Tables  10.3  -  10.7  list  the  peak  recorded  diaphragm  relative  displacements  and  peak  diaphragm 
accelerations,  and  corresponding  PGA  for  each  of  the  five  earthquake  simulations  performed  in 
this  test  configuration.  Also  listed  are  the  maximum  base  shears,  maximum  torsional  moments, 
maximum  overturning  moments,  maximum  column  end  moments  for  each  column,  and 
maximum  column  end  shears  for  each  column. 


10.2  Observed  Response  Discussion 


The  analytical  force-deformation  behavior  of  the  structure  in  the  X  and  Y  directions  and  about  the 
Z-Axis  is  shown  in  Figures  10.12  and  10.13.  In  the  X  direction,  the  model  has  ayield 
displacement  of  0.79  inches  at  a  yield  force  of  38.0  kips.  In  the  Y  direction,  the  model  has  a  yield 
displacement  of  0.27  inches  at  a  yield  force  of  71.0  kips.  The  model  has  a  yield  rotation  of 
0.0055  radians  at  a  yield  moment  of  4160  kip*inches.  Elastic  response  spectra  of  the  recorded 
table  motions  for  EQ  36  -  EQ  39  are  shown,  along  with  the  modal  frequencies  for  this 
configuration,  in  Figures  10.14  -  10.17,  respectively. 

The  first  earthquake  simulation  for  this  configuration,  EQ  37,  features  10%  Imperial  Valley  input 
motion  in  the  X-Axis  only  [PGAx  =  0.1 19  g].  Time  history  plots  of  the  structural  response  are 
shown  in  Figure  10.2.  The  peak  displacements  of  the  structure  in  the  X  and  Y  directions  were 
0.185  inches  and  0.014  inches,  respectively,  while  static  analysis  predicts  0.202  inches  along  the 
X-Axis  and  no  Y-Axis  displacement.  The  peak  rotation  of  the  structure  was  0.16  x  10‘^  radians, 
with  no  rotation  predicted  by  static  analysis.  This  simulation  features  no  eccentricity,  thus  a 
torsional  effect  is  not  expected.  The  angular  acceleration  response  shown  in  Figure  10.2  is  in- 
phase  with  the  X-Axis  acceleration  response  and  is  relatively  small  in  magnitude,  which  would 
indicate  that  the  torsional  response  is  due  to  the  lack  of  perfect  symmetry  of  the  structure  in  the  X 
direction.  The  peak  base  shears  and  peak  torsional  moment  are  10.02  kips  in  the  X  direction, 

0.60  kips  in  the  Y  direction,  and  46.14  kip*inches  about  the  vertical  axis.  Figure  10.3  shows  the 
base  shear  vs.  displacement  plots  and  torsional  moment  vs.  rotation  plots.  The  shear  vs. 
displacement  plot  for  the  X  direction  is  tight  and  linear,  indicating  no  yielding. 

In  EQ  38  the  model  is  subjected  to  a  10%  Y-Axis  input  motion  [PGAy  =  0.189  g].  Time  history 
plots  of  the  structural  response  are  shown  in  Figure  10.4.  The  peak  displacements  of  the  structure 
were  0.055  inches  in  the  Y  direction  and  0.019  inches  in  the  X  direction,  with  a  peak  rotation  of 
0.58  X  10'^  radians.  Static  analysis  predicts  a  displacement  of  0.053  inches  in  the  Y  direction  and 
a  rotation  of  0.15  x  10'^  radians,  with  no  displacements  predicted  along  the  X-Axis.  The  peak 
base  shear  in  the  Y  direction  is  14.92  kips.  Figure  10.5  shows  the  base  shear  vs.  displacement 
plots  and  torsional  moment  vs.  rotation  plot.  The  shear  vs.  displacement  plot  for  the  Y  direction 
and  the  torsional  moment  vs.  rotation  plot  are  both  tight  and  linear. 
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The  third  earthquake  simulation  for  this  configuration,  EQ  36,  features  10%  Biaxial  Imperial 
Valley  input  motion  [PGAx  =  0.1 17  g  and  PGAy  =  0.191  g].  Time  history  plots  of  the  structural 
response  are  shown  in  Figure  10.6.  The  peak  displacements  of  the  strucUire  were  0.177  inches  in 
the  X  direction,  0.053  inches  in  the  Y  direction,  and  0.76  x  10'^  radians  about  the  Z-Axis.  The 
peak  displacements  predicted  by  static  analysis  are  0.209  inches  along  the  X-Axis,  0.055  inches 
along  the  Y-Axis,  and  0.15  x  10'^  radians  about  the  Z-Axis.  The  displacement  time  histories 
indicate  no  residual  displacement  or  permanent  deformation.  The  peak  base  shears  and  peak 
torsional  moment  are  9.74  kips  in  the  X  direction,  15.29  kips  in  the  Y  direction,  and  349.15 
kip*inches  about  the  vertical  axis.  The  Y-Axis  peak  base  shear  is  roughly  50%  larger  than  the  X- 
Axis  base  shear,  while  the  Y-Axis  peak  displacement  is  about  Va  of  the  peak  X-Axis 
displacement.  This  follows  from  the  fact  that,  with  the  addition  of  the  lateral  bracing  along  the 
Y-Axis,  the  stiffness  of  the  structure  in  the  Y  direction  is  now  much  larger  than  in  the  X  direction. 
The  noticeably  larger  frequency  of  the  Y-Axis  acceleration  response  and  angular  acceleration 
response  than  the  X-Axis  acceleration  response  also  confirms  the  increased  Y-Axis  stiffness  due 
to  the  bracing.  Also  due  to  the  large  stiffness  of  the  braced  frames,  the  peak  rotational  response  is 
roughly  one-third  that  observed  for  Test  Configuration  4  in  Chapter  6,  in  which  the  structure  had 
similar  columns  and  mass  eccentricity  but  no  lateral  bracing.  Figure  10.7  shows  the  base  shear 
vs.  displacement  plots  and  torsional  moment  vs.  rotation  plot.  The  base  shear  vs.  displacement 
plots  in  the  X  and  Y  directions  are  both  tight  and  linear.  The  torsional  moment  vs.  rotation  plot  is 
also  linear,  but  not  as  tight  as  the  shear  vs.  displacement  plots. 

Thus,  for  this  test  configuration,  the  static  analysis  is  consistently  conservative  in  predicting  the 
elastic  peak  displacements  in  the  unbraced  X  direction  by  about  20%.  In  the  braced  Y  direction, 
the  static  analysis  predicted  the  elastic  peak  displacements  fairly  accurately.  However,  the  static 
analysis  is  consistently  unconservative  in  predicting  the  elastic  peak  rotations  by  roughly  a  factor 
of  4.  Note  that  the  structural  response  does  not  qualify  the  model  as  torsionaUy  irregular  in  any 
of  the  elastic  simulations. 

In  comparing  EQ  36  with  EQ  38,  the  addition  of  the  10%  X-Axis  input  motion  results  in  little 
change  in  the  Y-Axis  response  of  the  diaphragm,  as  the  peak  displacement  and  base  shear  are 
0.055  inches  and  14.92  kips  for  EQ  38  and  0.053  inches  and  15.29  kips  for  EQ  36.  Because  this 
configuration  has  an  eccentricity  in  the  X  direction  only,  the  addition  of  an  input  motion  and  thus 
response  in  the  X  direction  should  not  add  to  the  torsional  effect.  This  is  verified  by  the  fact  that 
the  torsional  moment  is  virtually  unchanged  between  EQ  38,  329.74  kip*inches,  and  EQ  36, 
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349.15  kip*iiiches.  In  comparing  EQ  36  to  EQ  37,  the  addition  of  the  10%  Y-Axis  input  motion 
results  in  a  change  in  the  Y-Axis  response,  as  well  as  the  torsional  response,  but  very  little  change 
in  the  X-Axis  response.  The  peak  displacement  in  the  X-Axis  decreases  from  0. 1 85  inches  in  EQ 
37  to  0.177  inches  in  EQ  36.  However,  the  peak  ground  acceleration  in  the  X-Axis  also  decreases 
from  0.1 19  g  in  EQ  37  to  0.1 17  g  in  EQ  36.  The  peak  rotation  increases  from  0.16  x  10‘^  radians 
in  EQ  37  to  0.76  x  10’^  radians.  This  rotation  response  in  EQ  37  was  previously  observed  to  be 
due  to  the  lack  of  perfect  symmetry  in  the  X  direction,  which  is  consistent  with  the  fact  that  the 
peak  rotation  in  EQ  36,  the  elastic  biaxial  simulation,  is  roughly  equal  to  the  sum  of  the  peak 
rotations  in  EQ  37  and  EQ  38,  the  two  elastic  uniaxial  simulations.  Some  portion  of  the  torsional 
response  in  these  simulations  might  also  be  a  result  of  the  shaketable  cross-coupling  problem 
discussed  in  Chapter  3. 

In  EQ  39,  the  first  test  in  this  configuration  that  features  inelastic  response,  the  model  structure  is 
subjected  to  100%  Imperial  Valley  input  motion  along  both  the  X-Axis  and  Y-Axis  [PGAx  = 
0.846  g  and  PGAy  =  1.926  g].  Time  history  plots  of  the  structural  response  are  shown  in  Figure 
10.8.  The  peak  displacements  of  the  structure  were  1.64  inches  in  the  X  direction  and  1.96  inches 
in  the  Y  direction,  with  a  peak  rotation  of  18.49  x  10"^  radians.  Thus,  all  of  the  displacements 
exceed  the  yield  displacements.  The  peak  base  shears,  which  are  39.48  kips  in  the  X  direction 
and  67.93  kips  in  the  Y  direction,  are  slightly  less  than  the  yield  shears,  38.00  kips  in  the  X 
direction  and  70.98  kips  in  the  Y  direction.  Although  the  peak  base  shear  in  the  Y  direction  is 
slightly  less  than  the  observed  yield  shear,  the  structure  achieves  a  Y-Axis  displacement  ductility 
of  more  than  7.  In  addition,  in  the  X  direction,  the  peak  base  shear  is  only  slightly  larger  than  the 
yield  shear  while  the  displacement  ductility  is  greater  than  2.  This  behavior,  in  which  the  peak 
shears  are  elastic  or  nearly  elastic  while  the  ductility  is  much  larger  than  unity,  has  been  observed 
in  previous  configurations  for  the  torsional  response  of  the  structure.  It  was  observed  that  the 
peak  torsional  moment  was  smaller  than,  or  nearly  equal  to,  the  yield  moment,  while  the  peak 
rotation  was  much  greater  than  the  yield  rotation.  One  possible  factor  in  this  behavior  is  the 
lateral  and  torsional  response  interaction.  Each  column  participates  in  the  seismic  resistance  of 
the  structure  in  all  three  directions  of  motion,  and  as  a  result  of  the  phase  of  the  response  in  each 
direction  the  effective  instantaneous  stiffness  of  each  columns  may  frequently  be  less  than  their 
elastic  stiffnesses.  However,  a  more  likely  factor  in  this  behavior  is  the  effect  of  the  tension-only 
bracing.  Once  the  displacement  response  of  the  structure  becomes  large  enough  that  the  braces 
yield,  upon  load  reversal  the  braces  provide  no  stiffness.  The  braces  do  not  provide  stiffness  until 
the  previous  maximum  displacement  is  reached  and  the  braces  become  taut  again.  Because  the 
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braces  provide  a  significant  fraction  of  the  lateral,  and  thus  rotational  stiffness,  the  rotational 
stiffness  of  the  structure  is  significantly  reduced  for  a  period  of  time  during  each  load  reversal. 
This  behavior  can  be  observed  in  the  torsional  moment  vs.  rotation  plot  in  Figure  10.9.  Verifying 
the  yielding  in  the  X  and  Y  directions  and  torsionally  is  a  noticeable  degree  of  permanent  offset 
in  all  three  directions  of  motion.  Figure  10.9  shows  the  base  shear  vs.  displacement  plots  and 
torsional  moment  vs.  rotation  plot,  which  are  no  longer  tight  and  linear,  but  now  are  taking  on  a 
fuller  shape.  The  hysteresis  plot  for  the  Y-Axis  response  is  beginning  to  take  on  a  different 
characteristic  shape  than  that  observed  for  all  previous  hysteresis  diagrams,  and  is  consistent  with 
that  expected  of  a  concentrically  brace  frame.  This  shape  is  also  somewhat  apparent  in  the 
torsional  moment  vs.  rotation  plot,  which  would  be  expected  as  the  concentrically  braced  frames 
provide  roughly  80%  of  the  torsional  stiffness  for  this  configuration.  From  the  X-Axis  hysteresis 
plot,  the  structure  does  not  appear  to  lose  any  stiffness  during  the  inelastic  response  in  the  X 
direction.  However,  the  Y -Axis  hysteresis  plot  appears  to  indicate  that  the  structure  does  lose  a 
small  amount  of  stiffness  during  the  hysteretic  motion.  Although  the  resisting  system  in  the  Y 
direction  is  composed  of  both  a  moment  resisting  frame  and  concentric  lateral  bracing,  more  than 
80%  of  the  stiffness  is  provided  by  the  tension-only  bracing.  The  degree  of  overstrength  of  a 
lateral  brace  yielding  in  tension  is  significantly  less  than  a  pipe-column  yielding  in  flexure.  Thus, 
the  lateral  bracing,  and  consequently  the  Y-Axis  force  resisting  system,  experiences  significantly 
more  inelastic  straining  and  permanent  damage,  resulting  in  the  loss  of  stiffness  observed. 

The  final  earthquake  simulation  for  this  configuration,  EQ  40,  features  100%  X-Axis  and  90%  Y- 
Axis  Imperial  Valley  input  motion  [PGAx  =  1.318  g  and  PGAy  =  1.951  g].  Time  history  plots  of 
the  stmctural  response  are  shown  in  Figure  10.10.  The  peak  displacements  of  the  structure  were 
3.90  inches  in  the  X  direction  and  2.94  inches  in  the  Y  direction,  with  a  peak  rotation  of  27.80  x 
10'^  radians.  The  peak  base  shears  are  46.83  kips  in  the  X  direction  and  63.49  kips  in  the  Y 
direction.  The  peak  Y-Axis  base  shear  is  slightly  less  than  the  yield  shear,  while  the  displacement 
ductility  is  more  than  13.  This  behavior  was  also  observed  in  EQ  39,  and  is  a  more  extreme 
example  of  the  interaction  between  the  X-Axis,  Y-Axis  and  torsional  response.  Also,  the 
torsional  ductility  is  roughly  5,  while  the  peak  torsional  moment  is  about  half  the  yield  moment. 
Figure  10.1 1  shows  the  base  shear  vs.  displacement  and  torsional  moment  vs.  rotation  hysteresis 
loops,  which  exhibit  more  full,  smooth  shapes  than  for  EQ  39.  The  characteristic  hysteresis  shape 
of  a  concentrically  braced  frame  is  even  more  apparent  in  the  torsional  hysteresis  plot  for  EQ  40 
than  it  was  for  EQ  39.  As  mentioned  above,  this  is  not  unexpected  as  the  concentrically  braced 
frames  provide  roughly  80%  of  the  torsional  stiffeess.  The  loss  of  stiffness  in  the  Y-Axis  force- 
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resisting  system  during  the  hysteretic  motion  observed  in  EQ  39  is  even  more  apparent  in  EQ  40. 
This  loss  of  stiffness  also  can  be  seen  in  the  torsional  hysteresis  plot.  In  addition,  although  the  X- 
Axis  response  featured  the  largest  inelastic  excursion,  the  Y-Axis  braced  frame  response  featured 
a  greater  number  of  large  inelastic  excursions  than  the  X-Axis  response.  This  indicates  a  greater 
degree  of  inelastic  straining  and  energy  dissipation,  as  mentioned  above  for  EQ  39.  Although  the 
braced  frame,  onented  along  the  Y-Axis,  is  roughly  4  times  stiffer  elastically  than  the  moment- 
resisting  frame  oriented  along  the  X-Axis,  after  a  number  of  load  cycles,  the  stiffiiess  of  the 
braced  frame  does  not  appear  to  be  any  greater  than  the  moment-resisting  frame. 

10.3  Dynamic  Characterizations  OF  THE  Model 

Prior  to  performing  any  shake  table  simulations  using  the  earthquake  input  motions,  white  noise, 
sine  sweep,  and  sine  decay  tests  were  performed,  as  discussed  in  Chapter  3.  This  general  pattern 
was  followed  for  Test  Configuration  6,  as  can  be  seen  in  Table  10.2.  In  addition,  white  noise 

tests  were  performed  immediately  after  the  final  earthquake  simulation  exhibiting  inelastic 
behavior,  EQ  40. 

The  dynamic  properties  of  the  test  structure,  as  measured  before  EQ  36,  and  then  after  EQ  40,  are 
shown  in  Table  10.1.  The  results  indicate  that  despite  the  inelastic  behavior  in  EQ  39  and  EQ  40 
permanent  softening  of  the  structure  occurred  in  the  Y  direction  but  not  in  the  X  direction.  The 
structure  softened  torsionally  as  well.  These  measurements  confirm  the  observations  made  above 
regarding  the  loss  of  stiffiiess  apparent  in  the  Y-Axis  force  vs.  displacement  plot  and  torsional 
moment  vs.  rotation  plot.  The  large  change  in  the  modal  frequency  in  the  Y  and  Z  directions 
correlates  with  the  permanent  damage  experienced  by  the  diagonal  bracing.  Following  EQ  40, 
the  bracing  was  no  longer  a  significant  contributor  to  the  stiffiiess  or  damping  at  small 
displacements.  This  is  verified  by  observing  that  the  dynamic  properties  following  EQ  40 
correspond  fairly  well  to  the  dynamic  properties  of  the  structure  during  Test  Configuration  4,  in 
which  bracing  was  not  present  but  a  ‘A  mass  asymmetry  was  present.  Thus,  in  comparing  the 
damping  and  modal  frequencies  in  the  Y  and  Z  directions  prior  to  and  following  the  simulations, 
the  contribution  of  the  bracing  to  the  dynamic  properties  can  be  seen. 

The  damping  ratio  of  the  test  structure  for  all  degrees-of-freedom  following  the  simulations  is  at 
or  below  one  percent,  which  is  consistent  with  the  damping  ratios  of  the  first  four  test 
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configurations,  in  which  4”  Extra-Strong  Columns  alone  were  used.  The  damping  ratio  of  the 
structure  in  the  Y  and  Z  directions  prior  to  EQ  36  were  significantly  greater  than  one  percent, 
indicating  that  the  diagonal  bracing  provided  some  additional  measure  of  damping.  The  damping 
ratio  in  the  X  direction,  which  was  not  affected  by  the  lateral  bracing,  prior  to  EQ  36  was  also 

below  one  percent. 


10.4  Observed  Condition  of  the  Structure 

Following  each  of  the  major  earthquake  simulations,  the  model  structure  was  physically 
mspected.  Historically,  the  most  problematic  location  on  the  model  was  column-to-bottom  plate 
welded  joint  on  each  column.  For  Test  Configuration  6,  no  fi-acture  occurred  at  these  or  any  other 
locations.  In  observing  the  structure  condition  after  EQ  39,  the  formation  of  plastic  hinges  near 
the  tops  and  bottoms  of  the  columns  was  becoming  discemable.  Following  the  completion  of  EQ 
40,  permanent  plastic  damage  in  the  columns  was  evident,  with  the  locations  of  the  plastic  hmges 
in  the  columns  becoming  very  clear.  This  could  also  be  seen  through  the  final  resting 
displacement  of  the  diaphragm,  being  permanently  offset  from  the  original  location,  and  with 
respect  to  the  ground.  Permanent  plastic  damage  was  also  very  evident  in  the  concentric  lateral 
bracing,  beginning  with  the  first  inelastic  simulation,  EQ  39.  Figure  10.18  is  a  photograph  of  the 
test  structure  taken  before  the  earthquake  simulations  were  performed.  Figures  10.19  -  10.21  are 
photographs  of  the  test  structure  taken  after  the  final  earthquake  simulation  in  this  configuration, 
EQ  40,  illustrating  the  inelastic  behavior  and  permanent  damage  of  the  structure.  Figure  10.21 
clearly  shows  the  damage  experienced  by  the  lateral  bracing.  Figure  10.22  also  shows  the 
formation  of  plastic  hinges  near  the  top  and  bottom  of  the  column. 


10.5  Finite  Element  Analysis 

In  modeling  the  behavior  of  the  test  structure,  the  nonlinear  finite  element  analysis  programs 
Abaqus  and  Drain-3DX  were  employed.  A  more  complete  discussion  of  the  applicable  features 
of  Abaqus  and  Drain-3DX  is  presented  in  Chapter  3.  Also,  some  aspects  of  the  finite  element 
model,  such  as  the  modeling  of  the  diaphragm  as  a  rigid  component,  are  common  throughout 
each  test  configuration,  and  are  discussed  more  completely  in  Chapter  3. 
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(A)  Pipe  Column  and  Lateral  Brace  Material  Models 


Two  coupons  were  taken  from  the  overall  batch  of  pipe  columns  used  in  Test  Configuration  6. 

The  material  model  of  the  pipe  columns  in  this  test  configuration  was  based  on  stress-strain  data 
produced  during  the  tension  tests  performed  on  each  coupon.  Figure  10.23  shows  both  the 
original  stress-strain  data  recorded  during  the  coupon  tension  tests,  and  the  best-fit  material  model 
used  in  the  Abaqus  finite  element  analyses.  Figure  10.25  shows  the  best-fit  material  model  used 
in  the  Drain-3DX  finite  element  analyses.  Shown  in  Tables  10.8  and  10.10  are  the  numerical 
stress-strain  best-fit  model  data  used  in  the  Abaqus  and  Drain-3DX  finite  element  analyses, 
respectively.  Coupons  were  also  taken  from  the  material  used  for  the  diagonal  braces  in  Test 
Configuration  6.  Figures  10.24  and  10.26  respectively  show  both  the  original  stress-strain  data 
recorded  during  the  coupon  tension  tests,  and  the  best-fit  material  model  used  in  the  Abaqus  and 
Drain-3DX  finite  element  analyses.  Shown  in  Tables  10.9  and  10.1 1  are  the  numerical  stress- 
strain  best-fit  model  data  for  the  diagonal  braces  used  in  the  Abaqus  and  Drain-3DX  finite 
element  analyses,  respectively. 


(B)  Finite  Element  Model 

The  Abaqus  and  I>rain-3DX  finite  element  models  employed  to  analyze  the  behavior  of  Test 
Configuration  6  are  shown  in  Figures  10.27  and  10.28.  Beyond  the  features  of  the  finite  element 
models  common  throughout  each  test  configuration.  Figures  10.27  and  10.28  illustrate  the 
location  and  magnitudes  of  the  interior  and  comer  nodal  masses,  the  height  of  the  Non-Rigid 
Links,  and  the  configuration  of  the  diagonal  braces.  Rigid  links  are  used  to  connect  the  diagonal 
braces  to  the  rest  of  the  model  and  to  the  ground,  and  both  can  be  seen  in  the  figures.  For  clarity 
only  the  braces  and  rigid  links  on  the  south  side  of  the  model  are  shown,  although  they  are  also 
present  on  the  north  side  of  the  model  as  well.  The  diagonal  braces  on  the  south  side  of  the 
model  have  cross-sectional  dimensions  of  1-7/8”  x  1/4”,  while  on  the  north  side  the  braces  have 
cross-sectional  dimensions  of  1-3/8”  x  1/4”. 

Two  steps  were  taken  in  cahbrating  the  model  frequencies  of  the  finite  element  model.  First,  the 
modal  frequencies  of  the  test  stracture  measured  after  the  final  simulation  were  used  to  calibrate 
the  finite  element  model  without  the  diagonal  braces  in  place.  Next,  the  diagonal  braces  were 
added  to  the  model,  and  the  model  was  calibrated  using  the  test  stmcture  modal  frequencies 
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measured  before  the  first  simulation.  This  allows  a  means  of  accounting  for  the  relative 
contributions  of  both  the  braces  and  the  columns  to  the  dynamic  properties  of  the  structure. 

(c)  Observed  Response 

Displacement  histories  along  the  X-  and  Y-Axis  and  about  the  Z-Axis  are  provided  for  the  10% 
Biaxial  simulation  [PGAx  =  0.117  g  and  PGAy  =  0.191  g]  in  Figures  10.29  -  10.32,  the  100% 
Biaxial  simulation  [PGAx  =  0.846  g  and  PGAy  =  1.926  g]  in  Figures  10.33  -  10.36,  and  the 
100%  X-Axis  90%  Y-Axis  simulation  [PGAx  =  1.318  g  and  PGAy  =1.951  g]  in  Figures  10.37  - 
10.40.  Table  10.12  lists  the  maximum  peak  relative  displacements  in  the  X  and  Y  directions  and 
the  peak  rotation  for  the  three  earthquake  simulations  featuring  biaxial  input  motions  performed 
in  this  test  configuration. 

(D)  Observed  Response  discussion 

In  Figures  10.29  -  10.32,  the  Abaqus  and  Drain-3DX  displacement  and  rotation  response 
histories  for  EQ  36  [PGAx  =  0.1 17  g  and  PGAy  =  0.191  g]  can  be  seen  for  both  the  test  structure 
and  the  analytical  model.  For  both  displacements  and  the  rotation,  the  fi-equency  contents  of  the 
response  histories  in  the  Abaqus  and  Drain-3DX  simulations  match  the  test  data  very  well.  As 
seen  in  Table  10.12,  the  peak  displacements  in  both  directions  of  the  Abaqus  model  match  the  test 
data  fairly  well,  agreeing  to  within  12%  and  4%  in  the  X  and  Y  directions,  respectively.  The 
Drain-3DX  displacements  also  match  well,  agreeing  to  within  2%  in  the  X  direction  and  20%  in 
the  Y  direction.  As  has  commonly  been  observed  in  previous  configurations,  the  peak  rotation  in 
the  analytical  models  does  not  agree  nearly  as  well.  The  experimental  peak  rotation  was  found  to 
be  roughly  four  times  as  large  as  the  peak  rotations  predicted  by  both  the  Abaqus  and  Drain-3DX 
models. 

In  Figures  10.33  and  10.34,  the  displacement  and  rotation  response  histories  for  EQ  39  can  be 
seen  for  both  the  test  structure  and  the  Abaqus  finite  element  model.  For  both  displacements  and 
the  rotation,  the  frequency  contents  of  the  response  histories  in  the  Abaqus  simulations  match  the 
test  data  fairly  well.  However,  in  both  the  X  and  Y  directions,  the  magnitudes  of  the 
displacements  do  not  match  very  well.  For  the  rotation  response  history,  the  Abaqus  simulation 
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predicts  larger  peak  displacements  at  a  number  of  points  in  the  time  history  and  a  greater  degree 
of  permanent  deformation,  the  opposite  of  that  observed  for  EQ  36.  As  seen  in  Table  10. 12,  the 
peak  displacements  in  the  X  direction  are  different  by  50%,  while  the  peak  displacements  in  the 
Y  direction  disagree  by  more  than  100%.  The  analytical  rotation  also  differs  from  the 
experimental  value  by  approximately  50%.  This  lack  of  conformity  continues  in  the  response 
histories  for  EQ  40,  shown  in  Figures  10.37  and  10.38.  The  peak  displacement  in  the  X  direction 
is  actually  in  better  agreement  for  EQ  40,  with  a  difference  of  about  20%.  The  Y-Axis  peak 
displacements  disagree  by  nearly  200%  and  the  peak  rotations  disagree  by  nearly  150%.  For  the 
Y-Axis  response  in  both  EQ  39  and  EQ  40,  a  very  large  inelastic  excursion  occurs  which  appears 
to  be  the  primary  cause  of  the  lack  of  accuracy  in  the  Abaqus  predictions.  Similar  excursions 
occur  in  the  rotational  response  of  EQ  39  and  EQ  40,  which  is  expected  as  the  torsional  response 
is  primarily  a  result  of  the  Y-Axis  response  and  the  mass  eccentricity  about  the  Y-Axis. 

In  Figures  10.35  and  10.36,  the  EQ  39  displacement  and  rotation  response  can  be  seen  for  the 
Drain-3DX  finite  element  model.  For  EQ  39,  the  Drain-3DX  analyses  predict  the  frequency 
content,  peak  displacements  and  rotations,  and  permanent  offset  very  accurately.  The  peak 
displacements  agree  to  within  5%  and  13%  in  the  X  and  Y  directions,  respectively.  The  Drain- 
3DX  peak  rotation,  which  has  proved  to  be  the  most  difficult  response  quantity  to  predict,  is 
accurate  to  within  7%.  In  EQ  40,  shown  in  Figures  10.39  and  10.40,  the  response  histories  do  not 
match  as  well  as  for  EQ  39,  but  are  still  somewhat  accurate  nontheless.  The  X-Axis  peak 
displacement  agrees  to  within  15%,  while  the  Y-Axis  peak  displacement  predicted  by  Drain-3DX 
is  roughly  half  the  experimental  value.  The  peak  rotation  agrees  to  within  35%.  Although  the 
Drain-3DX  Y-Axis  and  rotational  peak  responses  are  not  as  acciuate  for  EQ  40,  they  are 
nevertheless  significantly  more  accurate  than  the  Abaqus  predictions.  Drain-3DX  is  also  fairly 
accurate  in  predicting  the  permanent  displacements  and  rotations  in  both  EQ  39  and  EQ  40.  It 
appears  that  with  the  addition  of  the  concentric  lateral  bracing  in  the  Y  direction  of  the  structure, 
the  Y-Axis  response  has  become  nearly  as  difficult  to  predict  as  the  rotational  response, 
especially  for  the  Abaqus  analyses. 


10.6  SUMMARY  AND  Conclusions 


In  the  previous  three  chapters,  the  Modified  Jj/R  Ratio  was  introduced  and  discussed.  This  ratio 
gives  a  measure  of  the  amoxmt  of  ductility  the  2000  NEHRP  Seismic  Provisions  expects  a 
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particular  structure  to  experience  and  thus  for  which  it  must  be  designed.  The  Modified  fj/R  Ratio 
was  computed  as  the  normalized  displacement  in  an  inelastic  test  divided  by  the  normalized 
displacement  during  an  elastic  test  and  also  as  the  ratio  of  the  normalized  rotation  during  an 
inelastic  simulation  to  the  normalized  rotation  during  an  elastic  simulation.  In  previous 
configurations,  the  Modified /J/R  Ratios  were  compared  with  values  in  the  range  of  0.86  to  0.69, 
which  are  the  values  corresponding  to  an  Ordinary  Moment  Resisting  Frame  (OMRF)  and  a 
Special  Moment  Resisting  Frame  (SMRF).  For  this  configuration,  the  X-Axis  force-resisting 
system  remains  a  moment-resisting  frame,  while  in  the  Y  direction  is  a  concentrically  braced 
frame. 


^  Ratio 

Configuration 

EQ 

X-Axis 

Y-Axis 

Z-Axis 

Symmetric  Mass 

100%  Uniaxial 

7 

N/A 

0.77 

N/A 

Symmetric  Mass 

100%  Biaxial 

15 

1.37 

0.86 

0.84 

Symmetric  Mass 

150%  Biaxial 

16 

1.77 

1.83 

1.08 

V2  Asymmetric  Mass 

100%  Biaxial 

28 

0.90 

0.51 

1.07 

V2  Asymmetric  Mass 

150%  Biaxial 

29 

1.17 

1.03 

1.39 

!4  Asymmetric  Mass 

100%  Biaxial 

23 

1.60 

0.61 

1.90 

1/2  Asymmetric  Mass 

Strength  Asymmetry 

100%  Biaxial 

34 

0.56 

0.67 

1.28 

Vi  Asymmetric  Mass 

Strength  Asymmetry 

150%  Biaxial 

35 

0.80 

1.19 

1.39 

V2  Asymmetric  Mass 

Stiffness  Asymmetry 
Concentric  Bracing 

100%  Biaxial 

39 

1.28 

3.66 

2.42 

V2  Asymmetric  Mass 

Strength  Asymmetry 
Concentric  Bracing 

100%  X-Axis  90%  Y-Axis 

40 

1.96 

5.44 

3.59 
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The  Y-Axis  force-resisting  system  does  not  qualify  as  a  Dual  System  in  the  NEHRP  Provisions, 
which  require  that  the  moment-resisting  frame  portion  of  the  system  resist  at  least  25%  of  the 
seismic  lateral  loading.  The  Provisions  specifies  a  Modified  jj/R  Ratio  of  0.83  for  a  Special  Steel 
Concentrically  Braced  Frame  and  0.9  for  an  Ordinary  Steel  Concentrically  Braced  Frame. 

As  seen  above,  in  the  X  direction  the  Modified p/R  Ratio  is  1.28  for  EQ  39  and  1.96  for  EQ  40. 
Although  larger  than  the  specifed  range  of  0.86  to  0.69  for  a  moment-resisting  frame,  they  are 
similar  to  values  observed  in  previous  configurations.  As  discussed  previously,  although  this 
would  appear  to  suggest  that  the  Provisions  should  specify  a  greater  degree  of  ductility  in  design, 
overstrength  in  actual  structures  is  assumed  to  be  a  mitigating  factor.  In  the  Y  direction,  the 
Modified  jj/R  Ratio  is  3.66  for  EQ  39  and  5.44  for  EQ  40.  These  values  are  significantly  greater 
than  the  range  specified  in  the  Provisions,  and  the  system  overstrength  for  a  concentrically  braced 
frame  is  not  as  great  as  for  a  moment-resisting  frame.  In  addition,  because  the  design  of 
concentrically  braced  frames  is  not  typically  controlled  by  drift  or  deflection,  unlike  moment- 
resisting  frames,  there  is  a  lesser  degree  of  design  overstrength  for  these  types  of  force-resisting 
systems  as  well.  Because  the  concentrically  braced  frames  provide  roughly  80%  of  the  torsional 
stiffness  for  this  configuration,  it  is  not  siuprising  that  the  Modified  jj/R  Ratio  rotationally  are  also 
large  and  appear  to  be  changing  with  the  Y-Axis  Modified  fjJR  Ratios.  The  Modified  fi/R  Ratio 
rotationally  for  EQ  40  is  roughly  75%  larger  than  the  largest  Ratio  observed  in  all  previous 
configurations.  These  factors  in  total  lead  to  a  concern  about  the  specified  ductility  in  design  for 
concentrically  braced  frames. 

The  methodology  used  in  the  Seismic  Provisions  of  using  an  elastic  analysis  as  the  basis  for 
determining  inelastic  response  of  structures  implies  that  the  ratio  of  the  peak  rotation  to  the  peak 
lateral  displacement  and  the  ratio  of  the  two  peak  lateral  displacements  remain  constant  for  elastic 
and  inelastic  response.  For  previous  configurations,  not  only  were  the  uy/ux  ratio  and  ue/  Ux 
ratio  for  the  elastic  and  inelastic  simulations  in  one  particular  configuration  compared,  but  these 
ratios  were  also  compared  with  those  from  other  configurations.  These  comparisons  between 
different  configurations  were  meaningful  because  the  ground  motions  used  for  each  configuration 
were  very  similar.  With  this  configuration,  the  addition  of  the  concentric  bracing  necessitated  a 
significant  change  in  the  Y-Axis  input  ground  motions,  as  discussed  previously  in  this  chapter. 
Thus,  making  comparisons  in  the  wy  /  Ux  ratio  and  the  ratio  with  previous  configurations 

would  be  difficult.  In  addition,  in  this  configuration  the  peak  rotation  will  be  compared  with  the 
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peak  Y-Axis  displacement,  instead  of  the  X-Axis  displacement  as  before,  since  the  mass 
asymmetry  is  now  about  the  Y-Axis. 

As  shown  below,  the  uy/  Ux  ratio  is  0.30  for  EQ  36.  The  ratio  for  EQ  39,  the  first  inelastic 
simulation,  increases  by  a  factor  of  4  to  1.20.  This  would  indicate  that  the  Y-Axis  displacement 
response  increases  to  a  much  greater  degree  than  the  X-Axis  response.  The  largest  increase  in  the 
uy/ux  ratio  from  an  elastic  test  to  an  inelastic  test  observed  in  any  of  the  previous  configurations 
was  50%  in  Test  Configuration  5.  The  likely  cause  of  this  behavior  is  the  presence  of  two 
different  force-resisting  systems:  a  moment-resisting  frame  along  the  X-Axis,  and  a 
concentrically  brace  frame  along  the  Y-Axis.  As  mentioned  previously,  although  the  resisting 
system  in  the  Y  direction  is  composed  of  both  a  moment  resisting  ft-ame  and  concentric  lateral 
bracing,  more  than  80%  of  the  stiffiiess  is  provided  by  the  tension-only  bracing.  As  the  structure 
begins  to  yield  in  both  the  X  and  Y  directions,  the  degree  of  overstrength  of  the  braces  yielding  in 
tension  is  significantly  less  than  the  pipe-columns  yielding  in  flexure.  This  translates  into  the 
concentrically  braced  frame  in  the  Y  direction  losing  stiffness  at  a  more  rapid  rate  than  the 
moment-resisting  frame  in  the  X  direction.  This  would  result  in  the  peak  Y-Axis  displacement 
increasing  to  a  greater  degree  than  the  X-Axis  peak  displacement.  The  uy/ux  ratio  for  EQ  40  has 
decreased  slightly  to  0.75,  which  still  remains  over  twice  the  value  for  the  elastic  simulation. 

This  decrease  corresponds  to  a  change  in  the  input  ground  motions  from  EQ  39  to  EQ  40. 
Although  it  appears  that  the  X-Axis  ground  motion  remained  the  same  and  the  Y-Axis  ground 
motion  decreased  by  10%,  in  actuality  the  X-Axis  PGA  increased  fi-om  0.846  g  to  1.318  g,  while 
the  Y-Axis  PGA  remained  virtually  unchanged.  It  would  appear  that  the  increased  X-Axis 
ground  motion  has  caused  the  moment-resisting  frame  to  travel  further  along  the  yield  path  than 
for  EQ  39.  Extending  this  situation,  it  would  be  reasonable  to  assume  that  with  a  larger  X-Axis 
ground  motion,  or  a  reduction  in  the  strength  of  the  force-resisting  system  in  the  X  direction,  the 
Uy/ux  ratio  would  decrease  even  further,  as  the  degree  of  stiffness  loss  in  the  X  direction  would 
“catch  up”  to  that  in  the  Y  direction.  This  also  would  likely  happen  if  the  X-Axis  and  Y-Axis 
ground  motions  were  scaled  to  the  same  level,  but  to  150%  or  200%,  a  level  where  the  X-Axis 
stiffiiess  loss  would  catch  up  to  the  Y-Axis  loss.  However,  from  the  results  presented  here,  it  is 
impossible  to  know  if  the  uy/ ux  ratio  would  decrease  to  the  point  of  being  equal  to  the  value  for 
the  elastic  simulation.  One  mitigating  factor  in  the  impact  of  the  results  shown  here  is  that  a 
moment-resisting  frame  is  typically  designed  using  a  large  strength-reduction  factor,  with  the 
intention  of  the  fi-ame  achieving  significant  ductility.  The  degree  of  ductility  achieved  in  the  X 
direction  here,  2.1,  is  likely  less  than  would  be  experienced  in  a  properly  designed  moment- 
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resisting  frame  under  large  ground  motions.  Although  these  factors  might  mitigate  the  large 
change  in  the  uy/ux  ratio,  the  impact  of  two  different  types  of  force-resisting  systems  on  the 
inelastic  behavior  of  the  system  is  important  to  consider  in  design. 


Configuration 

EQ 

Uy/Ux 

Ue/Uy 

10%  Biaxial 

Vi  Asymmetric  Mass  [Y-Axis] 
Concentric  Bracing  [Y-Axis] 
Stiffness  Asymmetry  [Y-Axis] 

36 

0.30 

0.69 

100%  Biaxial 

Vi  Asymmetric  Mass  [Y-Axis] 
Concentric  Bracing  [Y-Axis] 
Stiffness  Asymmetry  [Y-Axis] 

39 

1.20 

0.46 

100%  X-Axis  90%  Y-Axis 

Vi  Asymmetric  Mass  [Y-Axis] 
Concentric  Bracing  [Y-Axis] 
Stiffness  Asymmetry  [Y-Axis] 

40 

0.75 

0.46 

The  general  trend  observed  in  previous  configurations  for  the  m^/  ux  ratio  was  that  the  ratio 
increased  noticeably  for  inelastic  response  as  compared  with  elastic  response.  For  EQ  36,  the  Ue/ 
uy  ratio  is  0.69.  The  value  decreases  to  0.46  for  EQ  39,  the  first  inelastic  simulation,  and  remains 
at  0.46  for  EQ  40,  the  second  inelastic  simulation.  The  /  uy  ratio  clearly  does  not  remain 

constant  from  the  elastic  simulation  to  the  inelastic  simulation,  as  the  drop  is  roughly  35%. 
Although  the  change  is  significant,  the  decrease  would  prove  to  be  conservative  from  a  design 
standpoint. 

The  performances  of  the  time  history  analyses  using  Abaqus  and  Drain-3DX  for  this 
configuration  were  mixed  in  their  response  predictions.  In  past  test  configurations,  the  Abaqus 
analyses  generally  proved  to  be  more  accurate  in  predicting  displacement  response  while  the 
Drain-3DX  typically  proved  to  be  more  accurate  in  predicting  rotational  response.  In  this 
configuration,  the  first  with  concentric  bracing  comprising  a  portion  of  the  force-resisting  system, 
the  Drain-3DX  proved  to  be  significantly  more  accurate  in  predicting  all  of  the  response 
quantities.  For  the  low-level  elastic  simulations,  the  Drain-3DX  and  Abaqus  analyses  performed 
equally  well  in  predicting  the  displacement  response,  showing  accuracy  within  2  -  20%.  Both 
analysis  programs  were  equally  inaccurate  in  predicting  the  elastic  rotational  response, 
underestimating  the  actual  peak  response  by  a  factor  of  roughly  4.  The  finite  element  analyses 
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underestimating  the  rotational  response  is  a  trend  observed  a  number  of  times  in  previous 
configurations.  For  the  inelastic  simulations,  the  Drain-3DX  analyses  proved  to  be  surprisingly 
accurate,  while  the  Abaqus  analyses  proved  to  be  surprisingly  inaccurate.  The  Abaqus  analyses 
predicted  the  X-Axis  displacement  response  fairly  well,  differing  by  20  -  40%.  However,  the  Y- 
Axis  response,  in  which  the  concentrically  braced  frames  are  the  dominant  force-resisting  system, 
overestimate  the  peak  displacement  by  200  -  300%.  The  rotational  response  was  also 
overestimated  in  the  two  inelastic  simulations  by  50  —  250%.  The  Drain-3DX  analyses  predicted 
every  response  quantitiy  for  EQ  39  and  EQ  40  more  accurately  than  Abaqus  by  a  significant 
margin.  The  greatest  degree  of  inaccuracy  was  51%,  which  occurred  in  predicting  the  Y-Axis 
displacement  for  EQ  40,  when  the  Abaqus  analysis  was  off  by  over  300%.  The  Drain-3DX 
predicted  the  peak  rotations  fairly  well,  agreeing  with  the  experimental  values  to  within  7%  and 
37%,  again  significantly  better  than  the  Abaqus  analyses.  In  addition,  the  Dram-3DX  analyses 
even  predicted  the  permanent  offset,  when  present,  reasonably  well,  which  had  proved  to  be  a 
weakness  in  previous  configurations.  The  previous  configuration,  which  featured  two  different 
types  of  columns  with  noticeably  different  strengths,  proved  to  be  a  more  difficult  configuration 
to  accurately  predict  with  Abaqus  and  Drain-3DX  than  the  earlier  configurations.  This  most 
likely  was  a  result  of  the  presence  of  two  different  types  of  columns  with  different  material 
properties.  With  the  additional  complexity  added  by  the  presence  of  the  concentric  bracing, 
which  possessed  different  material  properties  than  the  columns,  it  would  not  have  been 
unexpected  if  the  finite  element  analyses  were  noticeably  less  accurate  than  previous 
configurations.  This  proved  to  be  the  case  when  analyzing  the  response  using  Abaqus,  but  the 
opposite  was  true  when  using  Drain-3DX. 
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Mass  Centers  [in] 


Stiffness  Centers  [in] 


Mass 


[lb*sVin] 

_ 

Xo 

mm 

Z» 

x« 

Yo 

95.943 

13.429 

0.0 

69.810 

5.833 

2.217 

Modal  Frequencies  [Hz] 

Modal  Damping  [%] 

X 

Y 

e 

X 

Y 

e 

Before  EQ  36 

3.636 

8.333 

13.333 

m 

2.217 

After  EQ  40 

3.704 

3.509 

7.143 

0.737 

Table  10.1  Test  Structure  Dynamic  Properties  -  Test  Configuration  6 


Test  Designation 

Input  Motions 

WNT40 

White  Noise  X-Axis 

WNT41 

White  Noise  Y-Axis 

WNT42 

White  Noise  Yaw- Axis 

SIN22 

Sine  Decay  X-Axis 

SIN23 

Sine  Decay  Y-Axis 

SIN24 

Sine  Decay  Yaw- Axis 

SWP22 

Sine  Sweep  X-Axis 

SWP23 

Sine  Sweep  Y-Axis 

SWP24 

Sine  Sweep  Yaw-Axis 

EQ36 

10%  Biaxial  Imperial  Valley 

EQ37 

10%  X-Axis  Imperial  Valley 

EQ38 

10%  Y-Axis  Imperial  Valley 

EQ39 

100%  Biaxial  Imperial  Valley 

EQ40 

100%  X-Axis  90%  Y-Axis  Imperial  Valley 

WNT43 

White  Noise  X-Axis 

WNT44 

White  Noise  Y-Axis 

WNT45 

White  Noise  Yaw- Axis 

SIN25 

Sine  Decay  X-Axis 

SIN26 

Sine  Decay  Y-Axis 

SIN27 

Sine  Decay  Yaw- Axis 

SWP25 

Sine  Sweep  X-Axis 

SWP26 

Sine  Sweep  Y-Axis 

SWP27 

Sine  Sweep  Yaw- Axis 

Table  10.2  Earthquake  Simulations  and  Dynamic  Characterization  Tests  -  Test  Configuration  6 
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500 


501 


E  [ksi1=  29000 


Stress  [ksi] 

Strain  [in/in] 

Plastic  Strain  [in/in] 

0.000000 

0.000000 

48.050000 

0.001481 

0.000000 

49.250000 

0.004000 

0.002482 

50.200000 

0.010000 

0.008453 

50.800000 

0.015000 

0.013434 

52.300000 

0.020000 

0.018388 

53.400000 

0.030000 

0.028354 

54.200000 

0.040000 

0.038329 

55.400000 

0.060000 

0.058292 

56.000000 

0.080000 

0.078274 

56.400000 

0.100000 

0.098261 

56.600000 

0.150000 

0.148255 

55.900000 

0.200000 

0.198277 

Table  10.8  Abaqus  Stress-Strain  Best-Fit  Material  Model  -  4”  Extra-Strong  Columns 

Test  Configuration  6 


E  fksil  =  29000 


Stress  [ksi] 

Strain  [in/in] 

Plastic  Strain  [in/in] 

0.000000 

0.000000 

58.000000 

0.002000 

0.000000 

63.500000 

0.002500 

0.000310 

67.800000 

0.003000 

0.000662 

70.800000 

0.004000 

0.001559 

72.800000 

0.006000 

0.003490 

73.800000 

0.008000 

0.005455 

74.400000 

0.010000 

0.007434 

76.950000 

0.020000 

0.017347 

78.500000 

0.030000 

0.027293 

79.400000 

0.040000 

0.037262 

79.900000 

0.050000 

0.047245 

79.900000 

0.060000 

0.057245 

77.700000 

0.070000 

0.067321 

Table  10.9  Abaqus  Stress-Strain  Best-Fit  Material  Model  -  Diagonal  Braces 

Test  Configuration  6 


E  rksil=  29000.0 


Stress  [ksi] 

Strain  [in/in] 

0.00000 

0.00000 

48.05000 

0.001700 

50.20000 

0.010000 

53.40000 

0.030000 

56.00000 

0.080000 

56.60000 

0.150000 

Table  10. 10  Drain-3DX  Stress-Strain  Best-Fit  Material  Model  -  4”  Extra-Strong  Columns 

Test  Configuration  6 


E  [ksil=  29000.0 


Stress  [ksi] 

Strain  [in/in] 

0.00000 

0.00000 

63.50000 

0.002190 

70.80000 

0.004000 

73.80000 

0.008000 

78.50000 

0.030000 

79.90000 

0.060000 

Table  10.1 1  Drain-3DX  Stress-Strain  Best-Fit  Material  Model  -  Diagonal  Braces 

Test  Configuration  6 
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Figure  10.1  Perspective  View  of  Test  Configuration  Model  6 
4  -  4”  Extra-Strong  Columns 
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Figure  10.3  Force  vs.  Displacement  and  Torsional  Moment  vs.  Rotation  -  EQ  37 
10%  X-Axis  Imperial  Valley  -  1/2  Asymmetric  Mass  -  Concentric  Bracing 
Four  4”  Extra-Strong  Columns 
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Figure  10.5  Force  vs.  Displacement  and  Torsional  Moment  vs.  Rotation  -  EQ  38 
10%  Y-Axis  Imperial  Valley  -  1/2  Asymmetric  Mass  -  Concentric  Bracing 
Four  4”  Extra-Strong  Colum 
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Figure  10.7  Force  vs.  Displacement  and  Torsional  Moment  vs.  Rotation  -  EQ  36 
10%  Biaxial  Imperial  Valley  -  1/2  Asymmetric  Mass  -  Concentric  Bracing 
Four  4”  Extra-Strong  Columns 
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Figure  10.8  Acceleration  and  Displacement  vs.  Time  -  EQ  39 
100%  Biaxial  Imperial  Valley  -  1/2  Asymmetric  Mass  -  Concentric  Bracing 
Four  4”  Extra-Strong  Columns 
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Figure  10.10  Acceleration  and  Displacement  vs.  Time  -  EQ  40 
100%  X-Axis  90%  Y-Axis  Imperial  Valley  -  1/2  Asymmetric  Mass  -  Concentric  Bracing 

Four  4”  Extra-Strong  Columns 
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Figure  10.12  Force-Deformation  Response  -  Test  Configuration  6 
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Figure  10.14  Elastic  Response  Spectra  -  EQ  37  -  10%  X-Axis  Imperial  Valley  Ground  Moti 
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Figure  10.15  Elastic  Response  Spectra  -  EQ  38  -  10%  Y-Axis  Imperial  Valley  Ground  Motion 
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Figure  10.16  Elastic  Response  Spectra  -  EQ  36  -  10%  Biaxial  Imperial  Valley  Ground  Motion 
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Figure  10.19  Test  Structure  after  Earthquake  Simulations 
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Figure  10.22  Test  Structure  Southeast  Column  After  Earthquake  Simulation 
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Figure  10.25  Drain-3DX  Stress  vs.  Strain  Analytical  Material  Model  Definition  -  4”  Extra-Strong  Columns  -  Test  Configuration 
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Figure  10.27  Abaqus  Finite  Element  Model  for  Test  Configuration  6 
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Figure  10.28  Drain-3DX  Finite  Element  Model  for  Test  Configuration  6 
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Figure  10.29  Abaqus  Analytical  Displacement  vs.  Time  -  EQ  36  -  10%  Biaxial  Imperial  Valley 
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Figure  10.30  Abaqus  Analytical  Rotation  vs.  Time  -  EQ  36  -  10%  Biaxial  Imperial  Valley 
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Figure  10.32  Drain-3DX  Analytical  Rotation  vs.  Time  -  EQ  36  -  10%  Biaxial  Imperial  Valley 
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Figure  10.33  Abaqus  Analytical  Displacement  vs.  Time  -  EQ  39  -  100%  Biaxial  Imperial  Valley 
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Figure  10.34  Abaqus  Analytical  Rotation  vs.  Time  -  EQ  39  - 100%  Biaxial  Imperial  Valley 
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Figure  10.35  Drain-3DX  Analytical  Displacement  vs.  Time  -  EQ  39  -  100%  Biaxial  Imperial  Valley 
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Figure  10.36  Drain-SDX  Anal54ical  Rotation  vs.  Time  -  EQ  39  -  100%  Biaxial  Imperial  Valley 
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Figure  10.37  Abaqus  Analytical  Displacement  vs.  Time  -  EQ  40  -  100%  X-Axis  90%  Y-Axis  Imperial  Valley 
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Figure  10.39  Drain-3DX  Analytical  Displacement  vs.  Time  -  EQ  40  -  100%  X-Axis  90%  Y-Axis  Imperial  Valley 


CHAPTER  11 

EXPERIMENTAL  AND  FINITE  ELEMENT  RESPONSE  OF 
TEST  CONFIGURATION  7 


This  chapter  provides  a  summary  of  the  experimental  test  data  and  the  finite  element  analysis 
results  of  Test  Configuration  7.  The  seventh  configuration,  as  seen  in  Figure  11.1,  featured  all  of 
the  masses  loaded  on  the  south  side  of  the  diaphragm,  resulting  in  a  Vi  mass  asymmetry.  Two  4” 
Double  Extra-Strong  Columns  and  two  5”  Standard  Columns  were  used.  The  use  of  these 
columns  resulted  in  a  strength  asymmetry,  as  the  yield  bending  moment  and  yield  axial  load  for 
the  4”  Double  Extra-Strong  Columns  are  both  roughly  100%  larger,  respectively,  than  those  of 
the  5”  Standard  Columns.  In  addition,  concentric  lateral  bracing  is  located  on  the  north  and  south 
sides  of  the  structure.  The  bracing  on  the  north  side  of  the  structure  was  1-1/4”  x  1/4”  and  on  the 
south  side  was  1-3/4”  x  1/4”,  which  produced  both  stiffiiess  and  strength  eccentricities.  The 
dynamic  properties  of  the  test  structure  in  Test  Configuration  7  are  shown  in  Table  11.1. 

Four  earthquake  simulations  were  performed  with  this  test  configuration:  EQ  41  with  100%  X- 
Axis  75%  Y-Axis  [PGAx  =  1.318  g  and  PGAy  =1.951  g],  EQ  42  with  100%  X-Axis  85%  Y-Axis 
[PGAx  =  1.318  g  and  PGAy  =  1.951  g],  EQ  43  with  100%  Biaxial,  and  EQ  44  with  100%  X-Axis 
90%  Y-Axis.  All  four  simulations  featured  inelastic  behavior.  During  the  third  simulation,  EQ 
43,  the  test  aborted  less  than  halfway  through  due  to  the  shake  table  reaching  its  velocity  limit 
along  the  Y-Axis.  Subsequently,  an  additional  test  was  performed,  EQ  44,  in  which  Y-Axis  input 
motion  was  reduced  to  90%  while  the  X-Axis  input  motion  remained  at  100%,  however,  the  final 
test  again  aborted  less  than  hallway  through  the  record.  Only  the  results  fi-om  the  first  two 
simulations  will  be  presented  in  this  chapter.  Characterization  tests  were  performed  to  determine 
the  dynamic  properties  of  the  model  as  described  in  Chapter  2.  The  complete  test  sequence  for 
Test  Configuration  7  is  shown  in  Table  1 1 .2. 

This  chapter  summarizes  response  data  of  the  test  structure  during  the  earthquake  simulations  and 
the  dynamic  characterization  tests.  Summaries  of  test  model  accelerations,  displacements, 
torsional  moments,  overturning  moments,  column  end  moments,  and  base  shears  are  provided. 
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11.1  Observed  Structural  Response 


The  diaphragm  acceleration  and  displacement  motion,  and  base  shear  vs.  displacement  and 
torsional  moment  vs.  rotation  are  provided  for  respectively  by  the  following  representative  time 
histories;  100%  X-Axis  75%  Y-Axis  simulation  in  Figures  1 1 .2  and  1 1 .3  and  100%  X-Axis  85% 
Y-Axis  simulation  in  Figures  1 1.4  and  1 1.5. 

Tables  1 1.3  -  1 1.7  list  the  peak  recorded  diaphragm  relative  displacements  and  peak  diaphragm 
accelerations,  and  corresponding  PGA  for  each  of  the  five  earthquake  simulations  performed  in 
this  test  configuration.  Also  listed  are  the  maximum  base  shears,  maximum  torsional  moments, 
maximum  overturning  moments,  maximum  column  end  moments  for  each  column,  and 
maximum  column  end  shears  for  each  column. 


1 1.2  Observed  Response  Discussion 


The  computed  force-deformation  behavior  of  the  structure  in  the  X  and  Y  directions  and  about 
the  Z-Axis  is  shown  in  Figures  1 1.6  and  1 1 .7.  In  the  X  direction,  the  model  has  a  yield 
displacement  of  0.52  inches  at  a  yield  force  of  38.0  kips.  In  the  Y  direction,  the  model  has  a  yield 
displacement  of  0.29  inches  at  a  yield  force  of  67.0  kips.  The  model  has  a  yield  rotation  of 
0.0058  radians  at  a  yield  moment  of  4270  kip*inches.  Elastic  response  spectra  of  the  recorded 
table  motions  for  EQ  41  are  shown,  along  with  the  modal  fi-equencies  for  this  configuration,  in 
Figure  11.8. 

The  first  earthquake  simulation  for  this  configuration,  EQ  41,  features  100%  X-Axis  and  75%  Y- 
Axis  Imperial  Valley  input  motion  [PGAx  =  1.367  g  and  PGAy  =  1.582  g].  Time  history  plots  of 
the  structural  response  are  shown  in  Figure  1 1.2.  The  peak  displacements  of  the  structure  were 
2.17  inches  in  the  X  direction  and  1 .02  inches  in  the  Y  direction,  with  a  peak  rotation  of  1 1 .52  x 
10"^  radians.  All  are  larger  than  the  yield  displacements.  Also  verifying  the  inelastic  response  are 
the  peak  base  shears  and  peak  torsional  moment,  which  are  61.99  kips  in  the  X  direction,  75.08 
kips  in  the  Y  direction,  and  1913  kip*inches  about  the  vertical  axis.  Although  the  peak  base 
shear  in  the  Y  direction  is  only  slightly  greater  than  the  yield  shear,  the  structure  achieves  a  Y- 
Axis  displacement  ductility  of  roughly  3.5.  This  behavior  was  also  observed  and  discussed  in  the 
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previous  test  configuration,  which  also  features  concentric  lateral  bracing.  This  behavior,  in 
which  the  peak  shears  are  elastic  or  nearly  elastic  while  the  ductility  is  much  larger  than  unity, 
has  been  observed  in  previous  configurations  for  the  torsional  response  of  the  structure.  It  was 
observed  that  the  peak  torsional  moment  was  smaller  than,  or  nearly  equal  to,  the  yield  moment, 
while  the  peak  rotation  was  much  greater  than  the  yield  rotation.  As  discussed  in  the  previous 
chapter,  the  effect  of  the  tension-only  braces  on  the  hysteretic  behavior  of  the  structure  is  such 
that  upon  load  reversal  the  stiffiiess  provided  by  the  braces  is  lost  until  the  previous  maximum 
deflection  is  reached  again.  Thus,  for  a  period  of  time  after  each  load  reversal,  both  the  lateral 
and  torsional  stiffnesses  of  the  stmcture  are  significantly  reduced,  allowing  the  rotational 
response  of  the  stmcture  to  increase  accordingly.  Figure  1 1.3  shows  the  base  shear  vs. 
displacement  plots  and  torsional  moment  vs.  rotation  plot,  which  are  not  tight  and  linear  but  have 
a  somewhat  full  shape,  indicating  inelastic  behavior.  Both  the  X-Axis  shear  vs.  displacement 
loop  and  the  moment  vs.  rotation  loop  exhibit  a  very  large  inelastic  excursion.  As  compared  with 
the  Y-Axis  hysteresis  plots  for  the  inelastic  simulations  in  the  previous  test  configuration,  the  Y- 
Axis  hysteresis  response  for  EQ  41  does  not  appear  to  take  on  the  characteristic  shape  of  a 
concentrically  braced  frame.  Nor  does  there  appear  to  be  the  loss  of  stiffiiess  observed  in  the  Y- 
Axis  force-resisting  system  in  the  previous  configuration,  which  was  also  attributed  to  the 
behavior  of  the  concentric  lateral  bracing.  In  this  configuration,  the  braces  used  are  slightly 
smaller  in  size  as  compared  with  the  previous  configuration.  In  addition,  the  columns  used  in  this 
configuration  possess  a  bending  stiffness  roughly  50%  larger  than  those  used  in  Test 
Configuration  6.  Both  of  these  factors  result  in  the  moment-resisting  frame  influencing  the  Y- 
Axis  force-deformation  behavior  to  a  greater  degree  as  compared  with  the  concentric  bracing. 

The  Y-Axis  force-resisting  system  still  provides  70%  of  the  torsional  stiffness  in  this 
configuration,  and  therefore  the  differences  observed  in  the  Y-Axis  behavior  between  this  and  the 
previous  configuration  can  also  be  observed  in  the  torsional  hysteretic  behavior. 

The  second  earthquake  simulation  for  this  configuration,  EQ  42,  features  100%  X-Axis  and  85% 
Y-Axis  Imperial  Valley  input  motion  [PGAx  =  1.357  g  and  PGAy  =  1.881  g].  Time  history  plots 
of  the  stmctural  response  are  shown  in  Figure  1 1 .4.  The  peak  displacements  of  the  stmcture  were 
2.31  inches  in  the  X  direction,  1.45  inches  in  the  Y  direction,  and  13.66  x  10'^  radians  about  the 
Z-Axis.  The  peak  base  shears  are  60.75  kips  in  the  X  direction,  85.29  kips  in  the  Y  direction,  and 
2028  kip*inches  about  the  Z-Axis.  The  peak  base  shear  in  the  Y  direction  is  the  only  shear  that 
has  increased  noticeably  from  EQ  41.  Accordingly,  the  peak  displacement  in  the  Y  direction  is 
the  only  displacement  that  has  increased  noticeably  from  EQ  41 .  This  is  also  seen  in  the  base 
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shear  vs.  displacement  and  torsional  moment  vs.  rotation  hysteresis  plots  shown  in  Figure  1 1.5,  as 
they  appear  to  be  very  similar  to  those  for  EQ  41 .  This  indicates  that  the  inelastic  behavior 
experienced  by  the  structure  in  EQ  41  did  not  produce  permanent  softening  of  the  structure.  Had 
a  significant  degree  of  softening  taken  place,  the  hysteresis  loops  for  EQ  42  would  be  expected  to 
be  more  full  than  those  for  EQ  41.  The  observations  made  for  EQ  41  regarding  the  shape  of  the 
Y-Axis  and  torsional  hysteresis  plots  appear  to  hold  for  EQ  42  as  well. 


11.3  Dynamic  Characterizations  of  the  Model 

Prior  to  performing  any  shake  table  simulations  using  the  earthquake  input  motions,  white  noise, 
sine  sweep,  and  sine  decay  tests  were  performed,  as  discussed  in  Chapter  3.  This  general  pattern 
was  followed  for  Test  Configuration  7,  as  can  be  seen  in  Table  1 1 .2.  In  addition,  white  noise 
tests  were  performed  immediately  after  the  final  earthquake  simulation  exhibiting  inelastic 
behavior,  EQ  44. 

The  dynamic  properties  of  the  test  structure,  as  measured  before  EQ  41 ,  and  then  again  after  EQ 
44,  are  shown  in  Table  11.1.  The  results  indicate  that  due  to  the  inelastic  behavior  in  this 
configuration  permanent  softening  of  the  structure  occurred  in  the  Y  direction  but  not  in  the  X 
direction.  Also,  the  structure  softened  torsionally  as  well.  The  large  change  in  the  modal 
frequency  in  the  Y  and  Z  directions  correlates  with  the  permanent  damage  experienced  by  the 
diagonal  bracing.  Once  the  structure  began  to  respond  inelastically,  the  bracing  was  no  longer  a 
significant  contributor  to  the  stiffness  or  damping  at  small  displacements.  This  is  verified  by 
observing  that  the  dynamic  properties  following  EQ  44  correspond  fairly  well  to  the  dynamic 
properties  of  the  structine  diuing  Test  Configuration  5,  in  which  bracing  was  not  present  but  a  Vz 
mass  asymmetry  and  a  strength  asymmetry  due  to  two  4”  Double  Extra-Strong  Columns  and  two 
5”  Standard  Coliunns  were  both  present.  Thus,  in  comparing  the  damping  and  modal  frequencies 
in  the  Y  and  Z  directions  prior  to  and  following  the  simulations,  the  contribution  of  the  bracing  to 
the  dynamic  properties  can  be  seen.  These  observations  are  consistent  with  those  made  for  the 
previous  test  configuration,  also  with  concentric  lateral  bracing. 
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11.4  Observed  Condition  of  the  Structure 


Following  each  of  the  major  earthquake  simulations,  the  model  structure  was  physically 
inspected.  Typically  photographs  were  taken  as  well,  predominantly  after  the  final  earthquake 
simulation  of  the  test  configuration.  Historically,  the  most  problematic  location  on  the  model  was 
column-to-bottom  plate  welded  joint  on  each  column.  These  areas  were  inspected  carefully  in 
order  to  document  any  fracture  in  the  weld  or  in  the  base  material.  For  Test  Configuration  7,  no 
fracture  occurred  at  these  or  any  other  locations.  No  photographs  were  taken  of  this 
configuration. 


11.5  Finite  Element  Analysis 

In  modeling  the  behavior  of  the  test  structure,  the  nonlinear  finite  element  analysis  programs 
Abaqus  and  Drain-3DX  were  employed.  A  more  complete  discussion  of  the  applicable  features 
of  Abaqus  and  Drain-3 DX  is  presented  in  Chapter  3.  Also,  some  aspects  of  the  finite  element 
model,  such  as  the  modeling  of  the  diaphragm  as  a  rigid  component,  are  common  throughout 
each  test  configuration,  and  are  discussed  more  completely  in  Chapter  3. 

(A)  Pipe  Column  and  Lateral  Brace  Material  Models 

The  pipe  columns  used  in  Test  Configuration  7  and  those  used  in  Test  Configuration  5  were 
produced  fi-om  the  same  batch  of  raw  pipe  column  lengths.  As  a  result  of  this,  two  coupons  were 
taken  fi'om  each  of  the  two  types  of  pipe  used  in  Test  Configurations  5  and  7, 4”  Double  Extra- 
Strong  and  5”  Standard.  The  material  models  of  the  pipe  columns  in  these  two  test  configurations 
were  based  on  stress-strain  data  produced  during  coupon  tension  tests.  Coupons  were  also  taken 
from  the  material  used  for  the  diagonal  braces  in  Test  Configuration  7 .  Figures  11.9  and  11.10 
show  both  the  original  stress-strain  data  recorded  during  the  coupon  tension  tests,  and  the  best-fit 
material  model  used  in  the  Abaqus  finite  element  analyses  for  the  5”  Standard  and  4”  Double 
Extra-Strong  pipe  material,  respectively.  Figure  11.11  shows  both  the  original  stress-strain  data 
recorded  during  the  coupon  tension  tests,  and  the  best-fit  material  model  used  in  the  Abaqus 
analyses  for  the  braces.  Figures  1 1.12  and  11.13  show  the  original  material  data  and  the  best-fit 
material  model  used  in  the  Drain-3DX  finite  element  analyses  for  the  5”  Standard  and  4”  Double 
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Extra-Strong  pipe  material,  respectively.  Figure  11.14  shows  the  best-fit  material  model  used  for 
the  braces  in  the  Drain-3DX  analyses.  Shown  in  Tables  1 1.8  and  1 1.9  are  the  Abaqus  numerical 
stress-strain  best-fit  model  data  for  the  5”  Standard  and  4”  Double  Extra-Strong  pipe  material, 
respectively.  Shown  in  Tables  1 1.1 1  and  1 1.12  are  the  Drain-3DX  best-fit  material  model  data 
for  the  two  types  of  pipe  material.  Shown  in  Tables  1 1 . 1 0  and  1 1 . 1 3  are  the  numerical  stress- 
strain  best-fit  model  data  for  the  diagonal  braces  used  in  the  Abaqus  and  Drain-3DX  finite 
element  analyses,  respectively. 

(B)  Finite  Element  Model 

The  Abaqus  and  Drain-3DX  finite  element  models  used  to  analyze  the  behavior  of  Test 
Configuration  7  is  shown  in  Figures  1 1.15  and  1 1.16,  respectively.  Beyond  the  features  of  the 
finite  element  models  common  throughout  each  test  configuration.  Figures  11.15  and  11.16 
illustrate  the  location  and  magnitudes  of  the  interior  and  comer  nodal  masses,  the  height  of  the 
Non-Rigid  Links,  and  the  configuration  of  the  diagonal  braces.  Rigid  links  are  used  to  connect  the 
diagonal  braces  to  the  rest  of  the  model  and  to  the  ground,  and  both  can  be  seen  in  the  figures. 

For  clarity  only  the  braces  and  rigid  links  on  the  south  side  of  the  model  are  shown,  although  they 
are  also  present  on  the  north  side  of  the  model  as  well.  The  diagonal  braces  on  the  south  side  of 
the  model  have  cross-sectional  dimensions  of  1-3/4”  x  1/4”,  while  on  the  north  side  the  braces 
have  cross-sectional  dimensions  of  1-1/4”  x  1/4”. 

In  calibrating  the  model  frequencies  of  the  finite  element  model,  two  steps  were  taken.  First,  the 
modal  frequencies  of  the  test  stmcture  measmed  after  the  final  simulation  were  used  to  calibrate 
the  finite  element  model  without  the  diagonal  braces  in  place.  Next,  the  diagonal  braces  were 
added  to  the  model,  and  the  model  was  calibrated  using  the  test  stmcture  modal  frequencies 
measured  before  the  first  simulation.  This  allows  a  means  of  accounting  for  the  relative 
contributions  of  both  the  braces  and  the  columns  to  the  dynamic  properties  of  the  stmcture. 

(c)  Observed  Response 

Displacement  histories  along  the  X-  and  Y-Axis  and  rotation  histories  about  the  Z-Axis  are 
provided  for  the  100%  X-Axis  75%  Y-Axis  simulation  [PGAx  =  1.367  g  and  PGAy  =  1.582  g]  in 
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Figures  11.17-  11.20  and  the  100%  X-Axis  85%  Y-Axis  simulation  [PGAx=  1 .357  g  and  PGAy 
=  1.881  g]  in  Figures  1 1.21  -  1 1.24.  Table  11.14  lists  the  maximum  peak  relative  displacements 
in  the  X  and  Y  directions  and  the  peak  rotation  for  the  two  earthquake  simulations  performed  in 
this  test  configuration. 

(d)  Observed  Response  Discussion 

Shown  in  Figures  1 1.17  -  1 1.21  are  the  displacement  and  rotation  response  histories  for  EQ  41 
[PGAx  =  1.367  g  and  PGAy  =  1.582  g].  For  both  displacements  and  the  rotation,  the  fi-equency 
contents  of  the  response  histories  in  the  Abaqus  and  Drain-3DX  simulations  match  the  test  data 
fairly  well.  Also,  as  seen  in  Table  1 1.12,  the  maximum  relative  displacement  of  the  Abaqus 
model  in  the  X  direction  matches  the  experimental  value  well,  to  within  10%.  This  is  a 
significant  improvement  over  EQ  39,  the  first  inelastic  simulation  in  Chapter  10,  which  also 
featured  diagonal  bracing.  In  the  Y  direction,  the  peak  displacement  only  agrees  to  within  50%, 
but  overall  the  time  histories  appear  to  match  fairly  well.  Although  the  Y-Axis  peak 
displacement  only  agrees  to  within  50%,  this  is  also  a  significant  improvement  over  EQ  39  in 
which  the  Abaqus  predictions  were  off  by  200-300%  in  the  braced  direction.  The  peak 
displacements  in  the  Drain-3 DX  simulations  agree  to  within  18%  and  2%  in  the  X  and  Y 
directions,  respectively.  The  Drain-3DX  analyses  proved  to  be  fairly  accurate  in  the  previous 
configuration  in  predicting  response,  and  that  trend  appears  to  continue  for  this  configuration. 
About  the  Z-Axis,  the  peak  rotations  for  both  the  Abaqus  and  Drain-3DX  analyses  agree  with  the 
experimental  value  to  within  roughly  30%. 

The  analytical  and  experimental  response  time  histories  for  EQ  42  [PGAx  =  1.357  g  and  PGAy  = 
1.881  g]  are  shown  in  Figures  1 1.22  -  1 1.25.  As  with  EQ  41,  the  fi-equency  content  of  the 
analytical  responses  matches  the  experimental  results  very  well  for  both  the  X-Axis  and  Y-Axis 
motion.  In  addition,  as  seen  in  Table  1 1 . 14,  the  peak  displacements  in  both  the  X  and  Y 
directions  match  the  experimental  data  to  within  20%  for  both  the  Drain-3DX  and  Abaqus 
analyses.  Again,  for  the  Abaqus  simulations  in  the  braced  direction  a  significant  improvement  in 
performance  over  the  previous  configuration  is  evident.  The  overall  analytical  response  in  the 
rotational  direction  does  not  match  quite  as  well  as  the  translational  directions,  as  has  been 
consistently  observed  in  previous  simulations,  but  the  Abaqus  and  Drain-3DX  models  predicts 
the  peak  rotation  to  within  14%  and  20%,  respectively,  of  the  peak  experimental  rotation.  Thus, 
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despite  the  pre-existing  damage,  both  analytical  models  predict  the  structural  response  fairly 
accurately.  The  Abaqus  results  for  EQ  42  again  represent  a  significant  improvement  over  the 
results  seen  in  EQ  40,  the  second  inelastic  simulation  for  the  previous  test  configuration,  in  which 
diagonal  bracing  was  used.  Although  the  Y  and  Z  direction  peak  displacements  do  not  match  as 
well  as  the  X  direction,  they  overall  are  a  significant  improvement  over  the  results  obtained  in  the 
previous  configuration  with  diagonal  bracing.  Typically  in  previous  configurations,  the  greater 
the  degree  of  inelastic  behavior,  the  more  difficult  it  becomes  to  accurately  model  the  structural 
response  analytically.  The  improvement  in  agreement  between  analytical  and  experimental  peak 
responses  for  this  configuration  as  compared  to  Test  Configuration  6  is  most  likely  a  result  of  a 
lesser  degree  of  inelastic  behavior  occurring  during  the  simulations.  The  peak  displacements  and 
rotations  for  this  inelastic  simulation  are  roughly  half  of  those  for  EQ  39  and  EQ  40,  the  two 
inelastic  simulations  performed  in  Test  Configuration  6.  This  is  not  unexpected,  as  the  columns 
used  in  this  configuration  are  significantly  stronger  and  stiffer  than  those  used  in  the  previous 
configuration. 


11.6  Summary  AND  Conclusions 


The  methodology  used  in  the  Seismic  Provisions  of  using  an  elastic  analysis  as  the  basis  for 
determining  inelastic  response  of  structures  implies  that  the  ratio  of  the  peak  rotation  to  the  peak 
lateral  displacement  and  the  ratio  of  the  two  peak  lateral  displacements  remain  constant  for  elastic 
and  inelastic  response.  The  only  two  simulations  performed  for  this  configuration  featured 
inelastic  response,  which  makes  it  impossible  to  evaluate  the  wy/ Uxratio  and  ug/ urratio  for 
elastic  and  inelastic  response.  Test  Configuration  8  also  was  performed  with  only  inelastic 
simulations,  but  that  configuration  was  identical  to  Test  Configuration  3  and  thus  results  could  be 
inferred.  This  configuration  is  similar  to  the  previous  configuration.  Test  Configuration  6,  with 
the  exception  of  a  different  set  of  columns.  The  4”  Double  Extra-Strong  and  5”  Standard 
columns  used  in  this  configuration  produced  a  strength  eccentricity  along  the  X-Axis  which  was 
not  present  in  Test  Configuration  6.  The  wy/  Ux  ratio  for  EQ  41  was  0.41,  while  for  EQ  42  the 
value  increases  to  0.63.  The  increase  corresponds  to  an  change  in  the  Y-Axis  groxmd  motion, 
increasing  from  a  PGA  of  1.582  g  to  1.881  g.  In  the  previous  chapter,  it  was  stated  that  if  the  X- 
Axis  ground  motion  were  increased,  or  a  reduction  in  the  strength  of  the  X-Axis  force-resisting 
system,  the  uy/uxratio  would  decrease  even  further  than  0.75,  the  value  for  EQ  40.  The 
decrease  in  the  Y-Axis  ground  motion  would  produce  the  same  overall  effect  as  increasing  the  X- 
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Axis  ground  motion,  and  therefore  the  uy/ux  ratio  values  seem  to  support  this  idea.  Although  a 
direct  comparison  cannot  be  made  with  the  elastic  uy/  ux  ratio  as  none  of  the  sets  of  ground 
motions  in  this  configuration  have  the  same  proportions  as  in  EQ  36,  it  does  appear  that  the  Uy/ 
Ux  ratio  changes  with  the  relative  changes  in  the  X-Axis  and  Y-Axis  ground  motions  used  in  each 
simulation.  This  behavior  is  expected  in  elastic  systems,  and  appears  to  extend  to  inelastic 
systems. 


Configuration 

EQ 

Uy/Ux 

Ue/Uy 

10%  Biaxial 

%  Asymmetric  Mass  [Y-Axis] 
Concentric  Bracing  [Y-Axis] 
Stiffness  Asymmetry  [Y-Axis] 

36 

0.30 

0.69 

100%  Biaxial 

Vi  Asymmetric  Mass  [Y-Axis] 
Concentric  Bracing  [Y-Axis] 
Stiffness  Asymmetry  [Y-Axis] 

39 

1.20 

0.46 

100%  X-Axis  90%  Y-Axis 

1/2  Asymmetric  Mass  [Y-Axis] 
Concentric  Bracing  [Y-Axis] 
Stiffness  Asymmetry  [Y-Axis] 

40 

0.75 

0.46 

Vi  Asymmetric  Mass 

100%  X-Axis  75%  Y-Axis 
Concentric  Bracing  [Y-Axis] 
Stiffness  Asymmetry  [Y-Axis] 
Strength  Asymmetry  [X-Axis] 

41 

0.47 

0.55 

V2  Asymmetric  Mass 

100%  X-Axis  85%  Y-Axis 
Concentric  Bracing  [Y-Axis] 
Stiffness  Asymmetry  [Y-Axis] 
Strength  Asymmetry  [X-Axis] 

42 

0.63 

0.45 

It  appears  from  the  ub/ uy  ratio  values  shown  above  for  EQ  41  and  EQ  42  that  the  ratios  for 
inelastic  response  extend  from  the  previous  configuration  to  this  one,  as  the  values  are  similar. 
This  would  appear  to  somewhat  validate  the  decrease  in  ue/uy  ratio  for  inelastic  response  fi-om 
elastic  response.  However,  as  shown  in  Test  Configuration  5,  the  presence  of  a  strength 
eccentricity  can  have  a  significant  impact  on  the  inelastic  torsional  response,  as  the  strength 
eccentricity  can  produce  a  stiffness  eccentricity  that  is  not  present  during  elastic  response.  It  is 
difficult  to  quantify  the  impact  of  the  strength  eccentricity  on  the  torsional  response  in  this 
configuration  because  there  is  also  a  stiffness  eccentricity  present  from  the  concentric  bracing. 
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and  the  two  asymmetries  are  about  different  axes.  The  influence  of  each  eccentricity,  along  with 
the  mass  eccentricity,  would  depend  on  the  relative  reponses  of  the  system  along  the  X-Axis  and 
Y-Axis  at  any  instant. 

The  performances  of  the  time  history  analyses  using  Abaqus  and  Drain-3DX  for  this 
configuration  were  overall  very  good  in  their  response  predictions,  especially  considering  the 
complexity  of  the  force-resisting  system.  In  the  first  simulation,  EQ  41,  the  Abaqus  analysis 
overestimated  the  peak  Y-Axis  displacement  by  50%.  However,  with  that  exception,  both 
analysis  programs  predicted  the  remaining  peak  displacements  for  both  simulations  with  an 
accuracy  of  within  roughly  15  —  20%.  In  the  first  simulation,  both  the  Drain-3 DX  and  Abaqus 
analyses  underestimated  the  peak  rotation  by  roughly  30%;  and  in  the  second  simulation,  they 
underestimated  the  peak  rotation  by  14%  and  20%,  respectively.  As  with  the  displacement 
response,  overall  these  are  a  noticeable  improvement  over  Test  Configuration  6. 

Although  the  Y  and  Z  direction  peak  displacements  do  not  match  as  well  as  the  X  direction,  they 
overall  are  a  significant  improvement  over  the  results  obtained  in  the  previous  configuration  with 
diagonal  bracing,  especially  for  the  Abaqus  analyses.  Typically  in  previous  configurations,  the 
greater  the  degree  of  inelastic  behavior,  the  more  difficult  it  has  become  to  accurately  model  the 
structural  response  analytically.  The  improvement  in  agreement  between  analytical  and 
experimental  peak  responses  for  this  configuration  as  compared  to  Test  Configuration  6  is  most 
likely  a  result  of  a  lesser  degree  of  inelastic  behavior  occurring  during  these  simulations.  The 
peak  displacements  and  rotations  for  these  inelastic  simulation  are  roughly  half  of  those  for  EQ 
39  and  EQ  40,  the  two  inelastic  simulations  performed  in  Test  Configuration  6.  In  addition,  for 
both  simulations  in  this  configuration,  there  is  very  little  permanent  offset  in  either  tranlational 
direction  or  rotationally.  This  is  not  unexpected,  as  the  columns  used  in  this  configuration  are 
significantly  stronger  and  stiffer  than  those  used  in  the  previous  configuration. 
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Mass 

(lb*sVin] 

Mass  Centers  [in] 

Stiffness  Centers  [in] 

Xo 

n 

Zo 

Xo 

Y, 

96.259 

13.552 

0.0 

69.679 

5.574 

0.0 

Modal  Frequencies  [Hz] 

Modal  Damping  [%] 

X 

B 

e 

X 

B 

CD 

Before  EQ  41 

4.444 

7.692 

11.765 

0.818 

5.237 

1.271 

After  EQ  44 

4.444 

4.255 

8.696 

0.909 

1.609 

0.580 

Table  11.1  Test  Structure  Dynamic  Properties  -  Test  Configuration  7 
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Test  Designation 

Input  Motions 

WNT46 

White  Noise  X-Axis 

WNT47 

White  Noise  Y-Axis 

WNT48 

White  Noise  Yaw-Axis 

SIN28 

Sine  Decay  X-Axis 

SIN29 

Sine  Decay  Y-Axis 

SIN30 

Sine  Decay  Yaw- Axis 

SWP28 

Sine  Sweep  X-Axis 

SWP29 

Sine  Sweep  Y-Axis 

SWP30 

Sine  Sweep  Yaw-Axis 

EQ41 

100%  X-Axis  75%  Y-Axis  Imperial  Valley 

EQ42 

100%  X-Axis  85%  Y-Axis  Imperial  Valley 

EQ43 

100%  Biaxial  Imperial  Valley 

EQ44 

100%  X-Axis  90%  Y-Axis  Imperial  Valley 

WNT49 

White  Noise  X-Axis 

WNT50 

White  Noise  Y-Axis 

WNT51 

White  Noise  Yaw-Axis 

SIN31 

Sine  Decay  X-Axis 

SIN32 

Sine  Decay  Y-Axis 

SIN33 

Sine  Decay  Yaw-Axis 

SWP31 

Sine  Sweep  X-Axis 

SWP32 

Sine  Sweep  Y-Axis 

SWP33 

Sine  Sweep  Yaw-Axis 

Table  1 1.2  Earthquake  Simulations  and  Dynamic  Characterization  Tests  -  Test  Configuration  7 


557 


GA 

•a 

o^ 

VO 

ON 

p 

ri 

Vi 

:a 

"B 

»r> 

Tt 

ON 

o 

0 

O 

r 

J- 

rn 

rt 

Vi 

•wm 

00 

fS 

ik 

Vi 

DD 

r- 

fl 

VO 

r- 

r 

d 

d 

1  a 

1  S 

P  0) 

Uk  O 

Vi 

z.  - 

o. 

ON 

o 

i> 

GA 

Q 

1 

(N 

VO 

'H  S 

X 

VO 

2^ 

< 

ro 

o  o 

Pi  n 

Vi 

a 

»“H 

121 

r--H 

v*> 

•4^ 

< 

p 

>  8 
p2  S 

a>  u 

> 

r-H 

Vi 

•a 

PS  .2 

m 

<N 

a 

GA 

■? 

r 

T— H 

p 

5 

X 

<N 

r4 

Vi 

•n 

<N 

<-—4 

00 

oo 

oo 

1 

r— t 

o 

Vi 

•a 

r- 

VO 

< 

p 

p 

X 

GA 

fl 

.$2  c« 

.52  c« 

o 

•,c 

o 

^ 

X  >:, 

X 

<4-1* 

0 

a 

c 

2f^ 

S  ^ 
2  ^ 

NH 

^  . 

OS  o 

<N 

pfi  M 

CO  H 

558 


559 


Vi 

•s 

VO 

VO 

Ml  ^ 

uS 

P-H 

-< 

oo 

S 

CN 

ON 

»n 

a  '♦i 

2  a 

Tn  cj 

Vi 

»n 

m 

i  S 

o 

®  § 

-«!! 

><! 

VO 

fN 

0) 

pC 

o 

ON 

U 

2  77 

0 

o 

vq 

ro 

vd 

tt  :£ 

(/) 

m 

to 

*^3  « 

w  Cj 

s  ^ 

o  o 

£ 

O 

to 

to 

o 

c> 

rvi 

O 

Z 

<N 

fl 

lS 

iM 

r- 

00 

a  ^ 

(N 

<N 

.2  'S 

fn 

00 

V3  C3 

ts 

u  ^ 

H  a 

^  o 

IS3 

On 

o 

<N 

s 

00 

ON 

O 

<N 

< 

fc« 

A 

00 

0) 

pC3 

{/) 

Vi 

•fl 

» 

On 

iTi 

w 

ON 

r- 

03 

PQ 

< 

o 

X 

VO 

VO 

Vi 

■  M 

<N 

P-H 

00 

00 

< 

tq 

00 

2 

i 

>< 

1— < 

o 

Vi 

ft . 

r- 

VO 

< 

rn 

to 

><5 

P-H 

GA 

e 

.5S  c« 

C/5 

o 

^  S? 

•■G 

<  5 

o 

r  ^ 
X  >, 

s 

X  >^ 

■♦«* 

s 

Ou 

a 

§  ^ 
2  00 

^  . 

M  O 

§■5 

fS 

M 

M  W 

r  a> 
^  H 

560 


561 


[ksil  =  29000.0 


Stress  [ksi] 

Strain  [in/in] 

Plastic  Strain  [in/in] 

0.000000 

0.000000 

41.000000 

0.001414 

0.000000 

44.000000 

0.001600 

0.000083 

46.200000 

0.001800 

0.000207 

47.820000 

0.002000 

0.000351 

49.400000 

0.002500 

0.000797 

50.080000 

0.003000 

0.001273 

51.200000 

0.005000 

0.003234 

52.800000 

0.010000 

0.008179 

53.920000 

0.015000 

0.013141 

55.700000 

0.020000 

0.018079 

57.300000 

0.030000 

0.028024 

58.600000 

0.040000 

0.037979 

60.200000 

0.060000 

0.057924 

61.200000 

0.080000 

0.077890 

61.700000 

0.100000 

0.097872 

62.100000 

0.150000 

0.147859 

61.700000 

0.200000 

0.197872 

Table  11.8  Abaqus  Stress-Strain  Best-Fit  Material  Model  -  5”  Standard  Columns 

Test  Configuration  7 
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E  [ksil  =  29000.0 


Stress  [ksi] 

Strain  [in/in] 

Plastic  Strain  [in/in] 

0.000000 

0.000000 

42.000000 

0.001448 

0.000000 

46.000000 

0.006000 

0.004414 

51.000000 

0.014000 

0.012241 

54.300000 

0.020000 

0.018128 

59.500000 

0.030000 

0.027948 

62.900000 

0.040000 

0.037831 

66.100000 

0.050000 

0.047721 

69.800000 

0.070000 

0.067593 

71.700000 

0.090000 

0.087528 

72.800000 

0.110000 

0.107490 

73.400000 

0.150000 

0.147469 

72.800000 

0.200000 

0.197490 

Table  1 1 .9  Abaqus  Stress-Strain  Best-Fit  Material  Model  -  4”  Double  Extra-Strong  Colunms 

Test  Configuration  7 
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E  rksil  =  29000.0 


Stress  [ksi] 

Strain  [in/in] 

Plastic  Strain  [in/in] 

0.000000 

0.000000 

48.050000 

0.001481 

0.000000 

49.250000 

0.004000 

0.002482 

50.200000 

0.010000 

0.008453 

50.800000 

0.015000 

0.013434 

52.300000 

0.020000 

0.018388 

53.400000 

0.030000 

0.028354 

54.200000 

0.040000 

0.038329 

55.400000 

0.060000 

0.058292 

56.000000 

0.080000 

0.078274 

56.400000 

0.100000 

0.098261 

56.600000 

0.150000 

0.148255 

55.900000 

0.200000 

0.198277 

Table  11.10  Abaqus  Stress-Strain  Best-Fit  Material  Model  -  Diagonal  Braces 

Test  Configuration  7 


E  fksil=  29000.0 


Stress  [ksi] 

Strain  [in/in] 

0.00000 

0.00000 

48.00000 

0.001666 

51.20000 

0.005000 

57.30000 

0.030000 

61.20000 

0.080000 

62.10000 

0.150000 

Table  11.11  Drain-3DX  Stress-Strain  Best-Fit  Material  Model  -  5”  Standard  Colunms 

Test  Configuration  7 


E  fksil=  29000.0 


Stress  [ksi] 

Strain  [in/in] 

0.00000 

0.00000 

42.00000 

0.001448 

46.00000 

0.006000 

59.50000 

0.030000 

69.80000 

0.070000 

73.40000 

0.150000 

Table  11.12  Drain-3DX  Stress-Strain  Best-Fit  Material  Model  -  4”  Double  Extra-Strong  Columns 

Test  Configuration  7 


E  [ksil=  29000.0 


Stress  [ksi] 

Strain  [in/inj 

0.00000 

0.00000 

63.50000 

0.002190 

70.80000 

0.004000 

73.80000 

0.008000 

78.50000 

0.030000 

79.90000 

0.060000 

Table  11.13  Drain-3 DX  Stress-Strain  Best-Fit  Material  Model  -  Diagonal  Braces 

Test  Configuration  7 
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Figure  1 1.3  Force  vs.  Displacement  and  Torsional  Moment  vs.  Rotation  -  EQ  41 
100%  X-Axis  75%  Y-Axis  Imperial  Valley  -  1/2  Asymmetric  Mass  -  Concentric  Bracing 
Two  5”  Standard  Columns  and  Two  4”  Double  Extra-Strong  Columns 
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Figure  1 1.5  Force  vs.  Displacement  and  Torsional  Moment  vs.  Rotation  -  EQ  42 
100%  X-Axis  85%  Y-Axis  Imperial  Valley  -  1/2  Asymmetric  Mass  -  Concentric  Bracing 
Two  5”  Standard  Columns  and  Two  4”  Double  Extra-Strong  Columns 
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Figure  11.8  Elastic  Response  Spectra  -  EQ  41  -  100%  X-Axis  75%  Y-Axis  Imperial  Valley 
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Figure  11.10 
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Figure  1 1 


580 


Figure  11.13 
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Smoll  Internal  Moss  =  7,020  lb*s^/in 


Figure  11.15  Abaqus  Finite  Element  Model  for  Test  Configuration  7 


Smoll  Internol  Moss  =  7,659  lb*s 


Figure  11.16  Drain-3DX  Finite  Element  Model  for  Test  Configuration 
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Figure  11.17  Abaqus  Analytical  Displacement  vs.  Time  -  EQ  41  -  100%  X-Axis  75%  Y-Axis  Imperial  Valley 
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Figure  11.18  Abaqus  Analytical  Rotation  vs.  Time  -  EQ  41  -  100%  X-Axis  75%  Y-Axis  Imperial  Valley 
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Figure  11.19  Drain-3DX  Anal3^ical  Displacement  vs.  Time  -  EQ  41  -  100%  X-Axis  75%  Y-Axis  Imperial  Valley 
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Figure  1 1.21  Abaqus  Analytical  Displacement  vs.  Time  -  EQ  42  -  100%  X-Axis  85%  Y-Axis  Imperial  Valley 
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Figure  1 1.22  Abaqus  Analytical  Rotation  vs.  Time  -  EQ  42  - 100%  X-Axis  85%  Y-Axis  Imperial  Valley 


-AXIS 


Figure  1 1.23  Dram-3DX  Analytical  Displacement  vs.  Time  -  EQ  42  -  100%  X-Axis  85%  Y-Axis  Imperial  Valley 


CHAPTER  12 

APPLICABILITY  OF  ANALYTICAL  RESULTS 


Despite  the  good  agreement,  in  most  cases,  between  the  analytical  response  and  the  experimental 
response,  the  finite  element  models  used  in  these  analyses  must  be  examined  for  their  degree  of 
applicability  to  models  that  would  typically  be  used  during  design.  Four  specific  elements  of  the  finite 
element  models  used  are  examined:  the  Non-Rigid  Links,  the  column  and  concentric  bracing  material 
behavior,  the  material  damping,  the  exclusion  of  accidental  eccentricity,  and  the  length  of  the  concentric 
bracing.  In  an  effort  to  quantify  the  impact,  if  any,  of  these  elements  on  the  predicted  response  in  a 
design  situation,  a  series  of  finite  element  analyses  using  Drain-3DX  was  performed  as  discussed  below. 

In  creating  the  finite  element  models  used  in  both  the  Abaqus  and  Drain-3DX  analyses,  Non-Rigid  Links 
were  incorporated  into  the  model  to  connect  the  top  of  the  60-inch  column  sections  to  the  comers  of  the 
diaphragm.  As  explained  in  Chapter  3,  the  Non-Rigid  Links  were  used  to  allow  the  columns  in  the  finite 
element  model  to  have  a  length  of  60  inches  while  allowing  the  diaphragm  to  be  placed  at  the  height  of 
the  actual  center  of  mass  in  the  structure.  Further,  the  cross-sectional  dimensions  of  the  Non-Rigid  Links 
were  chosen  for  each  Test  Configuration  such  that  the  translational  modal  frequencies  of  the  finite 
element  models  matched  the  measured  modal  frequencies  of  the  actual  structure.  The  rotational  modal 
frequency  was  also  “tuned”  by  altering  the  rotational  mass  moment  of  inertia  of  the  model,  in  conjunction 
with  the  modification  of  the  Non-Rigid  Links’  properties.  In  a  design  situation,  the  actual  modal 
frequencies  of  the  stmcture  would  not  be  known  in  advance  when  the  response  predictions  were  being 
made.  The  rotational  moment  of  inertia  would  be  based  on  the  known  geometry  of  the  structure,  and  two 
likely  design  alternatives  to  the  “tuned”  Non-Rigid  Links  in  the  finite  element  model  would  be:  first, 
extending  the  columns  to  the  height  of  the  diaphragm,  and  second,  incorporating  elastic  Non-Rigid  Links 
with  some  pre-determined  cross  section.  Both  options  are  investigated  here.  For  the  first  case,  whichever 
type  of  column  is  used  in  a  particular  Configuration,  the  columns  will  be  extended  to  reach  the  height  of 
the  diaphragm.  This  has  the  effect  of  changing  the  column  length,  and  subsequently  the  amount  of 
material  able  to  deform  inelastically,  from  60  inches  in  each  Configuration  to  between  67.5  inches  and 
70.1  inches,  depending  on  the  particular  Configuration.  For  the  second  case,  elastic  Non-Rigid  Links 
were  used  with  twice  the  stiffness  of  the  respective  columns  in  each  Configuration.  It  was  felt  that  using 
Rigid  Links  was  not  appropriate  to  model  this  structure,  and  would  result  in  an  analytical  model  that  was 
too  stiff  Choosing  Links  with  stiffnesses  equal  to  twice  the  column  stiffnesses,  as  opposed  to  three  or 
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four  times  the  column  stiffiiesses,  was  an  arbitrary  decision.  However,  it  was  important  to  be  consistent 
throughout  all  of  the  Configurations  once  a  choice  was  made. 

In  defining  the  material  properties  of  the  columns,  tension  tests  were  performed  with  steel  coupons  to 
determine  the  actual  stress-strain  behavior  of  each  of  the  column  types.  In  all,  five  different  batches  of 
columns  were  used  for  Configurations  1-8:  the  4”  Extra-Strong  Columns  used  in  Configurations  1  -  4; 
the  5”  Standard  Columns  used  in  Configurations  5  and  7;  the  4”  Double  Extra-Strong  Columns  used  in 
Configurations  5  and  7;  the  4”  Extra-Strong  Colxunns  used  in  Configuration  6;  and  the  4”  Extra-Strong 
Columns  used  in  Configuration  8.  Despite  the  fact  that  steel  in  each  of  these  coltmm  groups  was 
specified  to  the  manufacturer  as  A36  steel,  each  batch  had  noticeably  different  stress-strain  properties.  As 
can  be  seen  in  Figures  12.1  -  12.5,  the  yield  stress,  ultimate  stress,  and  general  post-yield  behavior  varied 
significantly  between  the  five  batches  of  columns.  The  steel  for  the  diagonal  bracing  used  in 
Configurations  6  &  7  was  specified  to  the  manufacturer  as  Grade  50  steel,  with  a  yield  stress  of  50  ksi  and 
an  ultimate  stress  of  65  ksi.  As  can  be  seen  in  Figure  12.6,  the  actual  yield  stress  and  ultimate  stress  were 
significantly  greater.  In  a  design  situation,  the  actual  material  properties  would  not  be  known  in  advance 
to  the  designer,  and  most  likely  idealized  properties  would  be  assumed.  Two  likely  design  assumptions 
for  the  stress-strain  behavior  would  be  an  elastic-perfectly  plastic  material  model,  with  no  material 
hardening,  or  an  elastic-plastic  model  in  which  material  hardening  was  designated.  These  two  material 
models  are  also  shown  in  Figures  12.1  -  12.6,  and  are  the  two  material  models  investigated  here.  The 
columns  with  A36  steel  are  assumed  to  have  a  yield  stress  of  36  ksi  and  an  ultimate  stress  of  58  ksi.  The 
material  model  that  includes  hardening  is  assumed  to  have  linear  post-yield  behavior,  with  the  ultimate 
stress  being  achieved  at  a  strain  of  20%.  The  diagonal  bracing  with  Grade  50  steel  are  assumed  to  have  a 
yield  stress  of  50  ksi  and  an  ultimate  stress  of  65  ksi,  with  the  ultimate  stress  again  being  achieved  at  a 
strain  of  20%. 

In  defining  the  material  or  modal  damping  in  the  finite  element  models,  the  amount  of  damping  provided 
to  each  model  was  chosen  to  try  to  best  match  the  analytical  elastic  responses  for  each  Configuration  to 
the  experimental  elastic  responses.  The  limitations  of  both  Abaqus  and  Drain-3DX  in  defining  the 
damping  for  a  structure  in  the  X  and  Y  directions  independently  have  been  discussed  previously.  As 
such,  even  with  an  effort  to  “optimize”  the  damping,  the  analytical  elastic  responses  rarely  matched  the 
experimental  responses  along  both  axes.  Regardless,  in  a  design  situation,  the  measured  structural 
damping  properties  would  not  be  known  during  the  design  process,  and  some  amount  of  damping  would 
be  designated.  For  the  Drain-3DX  models  used  in  this  “design  applicability”  investigation,  the  damping 
is  assumed  to  be  0.5%,  which  would  be  a  representative  value  for  a  steel  structure’s  framework,  absent 
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any  walls  and  floors,  etc.  As  discussed  previously,  this  relatively  small  amount  of  damping  should  have 
virtually  no  impact  on  the  inelastic  response  of  the  model. 

In  Configurations  6  and  7,  diagonal  bracing  was  added  to  the  structure  in  the  Y  direction.  As  outlined 
previously,  the  each  brace  was  welded  to  a  bottom  gusset  plate  and  a  top  gusset  plate.  The  bottom  gusset 
plate  was  rigidly  attached  to  the  shaketable,  and  effectively  moved  with  the  “ground”,  and  the  top  gusset 
plate  was  rigidly  attached  to  the  structure.  The  dimensions  of  the  gusset  plates  were  very  large  relative  to 
the  cross-sectional  dimensions  of  the  braces,  and  thus  were  assumed  to  be  rigid  elements  in  the  analytical 
models.  The  dear-span  length  of  each  of  the  braces  was  roughly  43  inches.  However,  in  creating  the 
analytical  models  for  Abaqus  and  Drain-3DX,  the  length  of  each  diagonal  brace  was  modified  in  order  to 
“tune”  the  analytical  model  to  match  the  Y-Axis  modal  frequency  of  the  test  structure.  The  “effective 
lengths”  of  the  braces  in  Configurations  6  and  7  were  noticeably  larger  than  the  actual  dear-span  length 
of  43  inches.  As  was  discussed  with  the  Non-Rigid  Links,  the  actual  modal  frequencies  of  the  structure 
would  not  be  known  during  design.  Noting  that  the  diagonal  bracing  was  welded  to  the  gusset  plates,  and 
that  the  welds  were  continuous  to  the  edge  of  each  gusset  plate,  a  typical  design  assumption  would  take 
the  “effective  length”  of  each  brace  as  the  dear-span  length  plus  one  width  on  each  brace  end.  The  brace 
widths  vary,  with  the  largest  being  1-7/8”.  For  this  investigation,  the  “effective  length”  was  taken  to  be 
roughly  47  inches. 

Thus,  the  primary  factors  being  investigated  here  are  the  impact  of  the  material  model,  the  Imks 
connecting  the  column  tops  to  the  diaphragm,  and  the  “effective  length”  of  the  diagonal  bracing.  With 
regard  to  the  modal  frequencies  of  the  analjdical  models,  the  Non-Rigid  Links  and  the  diagonal  bracing 
are  the  two  factors  that  would  have  an  influence.  As  stated  above,  with  regard  to  the  Non-Rigid  Links, 
Case  1  is  taken  with  the  columns  extending  up  to  the  diaphragm  and  Case  2  is  taken  with  the  Non-Rigid 
Links  having  twice  the  stiffness  of  the  columns  and  responding  elastically.  Shown  in  Table  12.1  are  the 
experimentally  measured  modal  frequencies,  along  with  the  modal  frequencies  for  Cases  1  and  2.  It 
appears  that  the  frequencies  for  Case  2,  with  Non-Rigid  Links  having  twice  the  stiffness  of  the  columns, 
are  somewhat  closer  to  the  actual  modal  frequencies.  However,  this  is  not  consistently  true,  as  in  a 
number  of  Configurations,  the  frequencies  for  the  Case  1  analytical  model  are  closer  to  the  actual 
frequencies.  Overall,  the  modal  frequencies  for  the  Case  1  models  are,  on  average,  7.4%  different  from 
the  measured  frequencies,  while  the  Case  2  models  are  5.0%  different.  This  result  is  not  surprising,  as  on 
the  actual  test  structure,  the  region  between  the  column  tops  and  the  vertical  center-of-mass  of  the 
diaphragm  clearly  is  more  stiff  than  the  columns.  The  height  of  this  region,  in  proportion  to  the  column 
height,  is  greater  for  the  test  structure  than  would  be  for  an  actual  building.  Thus,  for  an  actual  building. 
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an  analytical  model  using  columns  extended  to  the  mass  center  of  each  floor  would  likely  result  in  modal 
frequencies  somewhat  more  accurate  than  found  here.  Both  Case  1  and  Case  2  analytical  models  have  Y- 
Axis  modal  frequencies  significantly  larger  than  the  actual  frequencies  for  Configurations  6  and  7, 
roughly  12%  and  22%  different,  respectively,  in  which  lateral  bracing  is  an  element  of  the  structure  in  the 
Y  direction. 

The  first  set  of  analytical  simulations  performed  to  evaluate  the  impact  of  the  aforementioned  design 
assumptions  on  the  ability  to  accurately  predict  the  structural  response  are  shown  in  Table  12.2.  This  set 
consists  of  two  elastic  biaxial  simulations,  one  with  the  Case  1  model  and  one  with  the  Case  2  model, 
from  five  imique  Configurations.  The  Configuration  descriptions,  along  with  the  peak  displacements  and 
rotations  for  the  experimental  test  structure,  the  Case  1  model,  and  the  Case  2  model,  are  shown  in  Table 
12.2.  For  the  Case  1  model,  the  mean  error  for  the  displacement  predictions  was  33.0%,  with  a  median 
error  of  32.7%.  The  Case  2  model  had  a  mean  displacetnent  error  of  28.1%  and  a  median  error  of  28.0%. 
The  results  for  the  Case  2  model  were  slightly  more  accurate,  which  parallels  the  modal  frequencies  for 
the  Case  2  model  being  slightly  closer  to  the  actual  frequencies.  The  Drain-3DX  displacement 
predictions  for  the  “tuned”  model,  reported  previously,  were  in  error  by  an  average  of  13.1%.  In 
comparison  to  the  “tuned”  model,  the  displacement  predictions  using  the  Case  1  model  and  Case  2  model 
are  equally  inaccurate.  For  the  Case  1  model,  the  mean  error  for  the  rotational  predictions  was  43. 1%, 
with  a  median  error  of  43.1%.  The  Case  2  models  had  a  mean  rotational  error  of  58.8%,  with  a  median 
error  of  60.7%.  The  average  error  for  the  “tuned”  model  was  44.1%.  The  Case  1  model  was  equally 
accurate  to  the  “tuned”  model  in  predicting  the  peak  rotations,  while  the  Case  2  model  was  somewhat  less 
accurate.  Thus,  the  results  here  indicate  that,  overall,  small  differences  between  the  design  and  actual 
modal  frequencies  of  a  structure  result  in  larger  differences  between  the  predicted  and  actual  response. 
Consistent  with  the  elastic  displacement  predictions  using  the  “tuned”  model,  no  particular  Configuration 
proved  more  difficult  to  predict  accurately.  Also  consistent  with  the  “tuned”  model,  predicting  the  peak 
elastic  rotations  for  Configurations  5  and  6  proved  more  difficult  than  for  Configurations  3  and  4,  and  the 
peak  rotations  for  Configurations  5  and  6  were  consistently  underestimated.  Overall,  using  the  Case  1  or 
Case  2  analytical  model,  a  “design”  model,  resulted  in  peak  elastic  response  predictions  that  were  roughly 
17%  less  accurate,  with  an  overall  mean  error  of  36%,  than  using  the  “tuned”  elastic  analytical  model, 
with  an  overall  error  or  19%. 

The  second  set  of  analytical  simulations  performed  to  assess  the  applicability  of  the  “tuned”  analytical 
model  results  are  shown  in  Table  12.3.  This  set  consists  of  two  inelastic  biaxial  simulations,  one  with  the 
Case  1  model  and  one  with  the  Case  2  model,  from  seven  of  the  eight  Configurations.  Each  of  these 
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models  in  this  set  of  simulations  features  a  material  model  determined  experimentally  by  coupon  tension 
tests.  The  Configuration  descriptions,  along  with  the  peak  inelastic  displacements  and  rotations  for  the 
test  structure,  the  Case  1  model,  and  the  Case  2  model,  are  shown  in  Table  12.3.  For  the  Case  1  model, 
the  mean  error  for  the  inelastic  displacement  predictions  was  42.8%,  with  a  median  error  of  39.0%.  The 
Case  2  model  had  a  mean  displacement  error  of  19.6%,  with  a  median  error  of  11.1%.  As  reported 
previously,  the  mean  error  for  the  Drain-3 DX  “tuned”  model  was  15.2%.  Thus,  the  Case  2  model  is,  on 
average,  significantly  more  accurate  than  the  Case  1  model  in  predicting  the  peak  inelastic  displacements, 
and  is  also  nearly  as  accurate  as  the  “tuned”  model.  For  the  Case  1  model,  the  mean  error  for  the  inelastic 
rotational  predictions  was  32.2%,  with  a  median  error  of  16.0%.  The  Case  2  models  had  a  mean 
rotational  error  of  33.3%,  with  a  median  error  of  29.8%.  The  average  error  for  the  “tuned”  model  was 
28. 1%.  Thus,  it  appears  that  there  is  little  difference  in  the  ability  of  the  Case  1  model.  Case  2  model,  or 
“tuned”  model  to  predict  peak  inelastic  rotations.  Consistent  with  the  results  for  the  “tuned”  model,  the 
peak  inelastic  rotations  for  Configurations  5,  6,  and  7  proved  to  be  more  difficult  to  predict  overall  for 
both  the  Case  1  and  Case  2  models.  Overall,  the  Case  2  analytical  model  proved  to  be  only  5%  less 
accurate,  with  an  overall  mean  error  of  24%,  than  the  “tuned”  model,  with  an  overall  error  of  19%,  while 
the  Case  1  model  was  20%  less  accurate,  with  an  overall  error  of  39%.  This  is  a  significantly  different 
result  than  when  analyzing  elastic  response.  The  primary  difference  between  these  two  models  for 
inelastic  response  is  that  the  Case  2  models  have  60  inches  of  material  at  each  column  that  can  deform 
inelastically,  while  the  Case  1  models  have  between  67.5  and  70.1  inches  of  material,  depending  on  the 
configuration,  that  can  deform  inelastically.  The  impact  of  the  extra  inelastic  material  is  also  apparent  by 
the  fact  that  the  Case  1  models  generally  overestimated  the  peak  displacements.  This  appears  to  indicate 
that  using  an  analytical  model  which  accurately  models  the  length  of  each  column  that  can  behave 
inelastically  is  more  critical  than  accurately  modeling  the  modal  frequencies  when  predicting  inelastic 
response. 

Also  briefly  examined  in  this  set  of  simulations  was  the  impact  of  the  “effective  length”  of  the  concentric 
bracing  used  in  Configurations  6  and  7.  It  was  reported  previously  that  for  both  Case  1  and  Case  2 
analytical  models,  the  Y-Axis  modal  frequency  was  significantly  larger  than  the  actual  Y-Axis  modal 
frequency  for  the  test  structure.  In  order  to  lower  the  Y-Axis  frequency  in  the  Case  2  analytical  model, 
the  length  of  each  of  the  diagonal  braces  in  the  analytical  model  was  increased  beyond  the  design  length 
of  47  inches  to  approximately  65  inches.  This  brought  the  Y-Axis  modal  frequency  to  within  less  than 
1%  of  the  actual  measured  value.  The  effect  on  the  elastic  Y-Axis  peak  displacement  was  significant, 
decreasing  the  error  in  the  prediction  from  45%  to  24%.  However,  the  effect  on  the  inelastic  peak 
response  quantities  was  insignificant. 


The  third  set  of  analytical  simulations  performed  in  this  sequence  are  shown  in  Table  12.4.  This  set 
consists  of  two  inelastic  biaxial  simulations  using  the  Case  2  model,  one  with  a  material  model  that  is 
elastic  -  plastic  with  linear  strain  hardening,  and  one  with  a  material  model  that  is  elastic  -  perfectly 
plastic.  The  specifics  of  these  two  material  models  were  discussed  previously  in  this  section.  The 
Configuration  descriptions,  along  with  the  peak  inelastic  displacements  and  rotations  for  the  test  structure, 
the  Case  2  model  with  Elastic  -  Plastic  Hardening  material  model,  and  the  Case  2  model  with  Elastic  - 
Perfectly  Plastic  material  model,  are  shown  in  Table  12.4.  The  two  aforementioned  design  material 
models,  along  with  the  material  models  based  on  experimental  coupon  tension  tests,  are  again  shown  in 
Figures  12.1  -  12.6  for  the  five  batches  of  columns  and  the  diagonal  bracing.  From  these  figures,  it  is 
evident  that  these  simplified  “design”  models  not  only  behave  differently  during  strain  hardening  than  the 
actual  material,  but  in  almost  every  case  the  assumed  yield  stress  and  ultimate  stress,  36  ksi  and  58  ksi  in 
this  case,  are  noticeably  different  than  the  actual  yield  and  ultimate  stress.  For  the  Elastic  -  Plastic 
Hardening  model,  the  mean  error  for  the  inelastic  peak  displacement  predictions  was  29.0%,  with  a 
median  error  of  1 6.6%.  For  the  Elastic  -  Perfectly  Plastic  model,  the  mean  error  for  the  displacement 
predictions  was  43.0%,  with  a  median  error  of  30.2%.  Thus,  the  addition  of  even  a  simple  strain¬ 
hardening  model  to  an  analytical  model  yields  significant  additional  accuracy  in  predicting  the 
displacement  response.  The  mean  rotational  error  with  the  Elastic  -  Plastic  Hardening  model  is  22.8%, 
with  a  median  error  of  1 9.0%.  For  the  Elastic  -  Perfectly  Plastic  model,  the  mean  error  for  the  rotational 
predictions  was  23.8%,  with  a  median  error  of  8.7%.  Thus,  the  predicted  rotational  response  appears  to 
be  equally  accurate  with  either  material  model.  The  overall  mean  error  in  the  inelastic  response 
predictions  using  the  Elastic  -  Plastic  Hardening  material  model  with  the  Case  2  model  was  26.9%,  while 
the  overall  error  using  the  Elastic  -  Perfectly  Plastic  material  model  was  36.6%.  In  comparison,  the  mean 
error  for  the  original  “tuned”  model  was  19.4%,  and  the  mean  error  for  the  Case  2  model  with  the 
experimental  tension  test  material  model  was  24.1%.  Thus,  using  an  analytical  model  with  the  design 
assiunptions  of  elastic  Non-Rigid  Links  having  twice  the  column  stiffness  and  a  simple  material  model 
with  some  degree  of  post-yield  hardening,  the  inelastic  response  can  be  predicted  with  only  an  additional 
7.5%  error  as  compared  with  an  analytical  model  “tuned”  to  the  experimentally  determined  structural 
properties. 

Overall,  the  rotations  proved  consistently  more  difficult  to  predict  than  the  displacements.  The  rotations 
became  more  difficult  to  predict  for  configurations  with  more  complicated  force-resisting  systems,  for 
both  elastic  and  inelastic  response.  The  displacement  response  did  not  prove  to  be  more  difficult  to 
predict  for  the  more  complicated  configurations.  Overall,  the  degree  of  eccentricity  of  the  structure  had 
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less  of  an  impact  on  the  accuracy  of  response  predictions  than  did  the  complexity  of  the  force-resisting 
system.  The  results  found  by  using  a  “tuned”  analytical  model  proved  to  be  consistent  with  results  using 
a  more  simplified  analytical  model  with  “design”  assumptions.  When  analyzing  elastic  response,  any 
differences  in  the  modal  frequencies  of  the  analytical  model  and  actual  structure  can  produce  larger  errors 
in  the  predicted  response.  When  analyzing  inelastic  response,  differences  in  the  modal  frequencies 
become  less  important,  while  the  amoimt  of  the  structure  able  to  deform  plastically  becomes  more 
important  to  model  accurately.  Changing  the  “effective  length”  of  the  diagonal  bracing  altered  the  modal 
frequency  in  the  direction  of  the  bracing,  and  as  a  result  had  a  noticeable  impact  on  the  elastic  peak 
response.  However,  changing  the  length  of  the  bracing  had  no  significant  impact  on  the  inelastic 
response.  Using  an  analytical  model  with  some  degree  of  strain  hardening  results  in  response  predictions 
that  are  significantly  more  accurate  than  an  analytical  model  with  an  elastic  -  perfectly  plastic  material 
model.  When  performing  inelastic  analysis,  it  is  recommended  that  a  simple  elastic-plastic  material 
model  with  a  linear  strain  hardening  segment  is  satisfactory  to  give  reasonably  accurate  response 
predictions.  In  addition,  it  is  recommended  that  the  regions  of  the  actual  structure  that  are  able  to  deform 
inelastically  be  the  only  parts  in  the  analytical  model  that  are  capable  of  deforming  inelastically. 
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Non-Rigid  Link  Models  Case  1  and  Case  2  -  Experimental  Material  Model 
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Table  12.4  Analytical  vs.  Experimental  Displacement  and  Rotation  Response  Comparison  -  Inelastic  Simulations 
Elastic-Plastic  with  Hardening  and  Elastic-Perfectly  Plastic  Material  Models  -  Non-Rigid  Link  Model  Case  2 


Stress  [ksl]  Stress  [ksi] 
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Figure  12.5  Material  Models  -  4”  Extra-Strong  Coliunns  -  Test  Configuration  6 


Figure  12.6  Material  Models  -  Diagonal  Concentric  Bracing  -  Test  Configurations  5  &  7 
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CHAPTER  13 

SUMMARY  AND  CONCLUSIONS 

13.1  Objective  AND  Scope 

The  purpose  of  this  study  is  to  investigate  the  nonlinear,  inelastic  response  of  one-story,  symmetric-  and 
asymmetric-plan  stmctures  to  uniaxial  and  biaxial  lateral  earthquake  ground  motions.  The  investigation 
is  a  combined  experimental  and  analytical  program.  The  experimental  part  of  the  investigation  involved 
subjecting  a  single-story  steel  moment-frame  to  a  series  of  earthquake  ground  motions  on  the  CERL 
shaketable.  The  subsequent  analytical  part  of  the  investigation  involved  the  nonlinear  finite  element 
programs  Abaqus  and  Drain-3DX  to  analyze  the  response  of  the  model  during  the  earthquake  simulations. 
Through  the  study,  the  lateral-torsional  response  of  the  system  will  be  studied  for  a  range  of  system 
parameters  with  the  goals  of  examining  the  adequacy  of  current  building  code  torsional  design  provisions 
and  the  ability  of  analytical  software  to  predict  inelastic  response. 


13.2  Experimental  Program 

(A)  Model  Structure 

Since  this  is  one  of  the  first  experimental  studies  of  this  kind,  a  simple  one-story  system  is  appropriate  to 
lay  the  groundwork  for  further  experimental  studies  of  more  complex  stmctures.  The  stracture  used  in 
this  study  was  a  rigid  diaphragm,  approximately  eight  feet  on  a  side,  supported  by  four  circular  steel  pipe 
columns,  five  feet  in  length,  as  seen  in  Figures  2.1  -  2.4.  Eight  octagonal  and  eight  rectangular  steel 
masses,  as  seen  in  Figures  2.16  and  2.17,  were  available  to  be  attached  to  the  slab  in  various 
configurations  in  order  to  provide  dead  load  and  mass  asymmetry.  The  pipe  columns  had  base-  and  top- 
plates  welded  to  the  columns  to  provide  attachment  points  to  the  shaketable  and  to  the  diaphragm,  as  seen 
in  Figures  2.12-2.14.  The  diaphragm  was  designed  to  be  used  throughout  the  entire  sequence  of  tests, 
while  the  columns,  having  plastically  deformed,  were  replaced  after  each  model  configuration  sequence 
was  completed.  Circular  pipe  columns  were  chosen  because  of  their  complete  plan  symmetry  and  their 
reduced  sensitivity  to  torsional  buckling  and,  thus,  greater  stability.  The  focus  of  this  study  is  the  lateral- 
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torsional  behavior  of  the  system  as  a  whole,  not  the  local  behavior  of  the  columns;  non-circular  columns 
would  only  add  unnecessary  complexity  to  the  analysis  of  the  system. 

Eight  different  model  configurations  were  studied,  as  seen  in  Table  2.1.  The  configurations  consisted  of 
different  combinations  of  varying  parameters:  one-quarter  asymmetric  mass,  one-half  asymmetric  mass, 
symmetric  mass,  asymmetric  and  symmetric  column  strength,  and  concentric  lateral  bracing.  The  mass 
asymmetries  were  achieved  simply  by  placing  the  masses  all  on  one-quarter  or  one-half  of  the  diaphragm. 
In  both  the  asymmetrical  and  symmetrical  cases,  half  of  the  masses  were  attached  above  and  half  below 
the  diaphragm  to  keep  the  vertical  mass  center  reasonably  near  the  center  of  the  diaphragm.  Three 
different  types  of  pipe  columns  were  used:  4”  Extra-Strong,  5”  Standard,  and  4”  Double  Extra-Strong. 
The  strength  asymmetry  in  the  structure  was  achieved  by  pairing  two  sets  of  columns  which  had  similar 
stiffiiesses,  but  different  yield  strengths.  The  stiffness  asymmetry  was  achieved  through  the  use  of 
asymmetrical  lateral  bracing,  as  seen  in  Figure  2.19. 

Overall,  the  structure  tested  and  analyzed  in  this  study  was  a  low-period,  acceleration-sensitive  system. 
This  fact  increases  the  importance  of  using  biaxial  ground  motions  as  Riddell  and  Santa-Maria  (68)  and 
Correnza  and  Hutchinson  (15)  both  indicate  that  accurate  assessment  of  the  response  of  short-period 
systems  can  be  achieved  only  by  using  bi-directional  analyses.  They  show  that  bi-directional  groimd 
motions  have  the  largest  impact  on  low-period  systems,  and  the  impact  increases  as  the  eccentricity 
increases.  The  eccentricity  typically  found  in  the  configiuations  in  this  study  is  roughly  0.4  times  the 
radius  of  gyration,  which  is  considered  a  moderate  degree  of  eccentricity.  Riddell  and  Santa-Maria  also 
indicate  that  low-period  systems  can  achieve  inelastic  response  significantly  greater  than  elastic  response. 
For  intermediate-  and  long-period  systems,  lateral  deformations  are  not  as  affected  by  yielding  so  that 
elastic  and  inelastic  systems  experience,  on  average,  essentially  the  same  lateral  deformation. 

The  structures  in  this  study  had  an  uncoupled  torsional-to-lateral  firequency  ratio,  Q,  of  about  1 .8,  which 
is  relatively  large.  With  a  large  Q  such  as  this,  the  dynamic  torsional  amplification  is  not  nearly  as  great 
as  would  be  the  case  if  fi  was  closer  to  1 .0.  Future  experimental  testing  to  increase  the  generality  of 
results  would  benefit  from  a  structure  with  an  imcoupled  torsional-to-lateral  frequency  ratio  closer  to  1.0, 
different  sets  of  recorded  ground  motions,  and  a  structure  with  stiffiiess  eccentricity  rather  than  mass 
eccentricity. 
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(B)  Testing  Procedures 


Following  construction,  the  model  was  placed  on  the  shaketable  for  the  experimental  simulations. 
Response  quantities  measured  included  accelerations  and  displacements  of  the  table  and  diaphragm  in 
both  planar  directions,  and  strains  in  the  columns.  The  test  sequence  for  each  model  configuration  was 
essentially  the  same.  Preliminary  tests  were  performed  before  the  earthquake  simulations  in  order  to 
determine  the  natural  frequencies  and  damping  characteristics  of  the  structure,  as  discussed  in  Chapter  2. 

Following  the  preliminary  tests,  the  structure  was  subjected  to  earthquake  simulations.  The  230  [X]  and 
140  [Y]  degree  acceleration  components  from  the  1979  Imperial  Valley  earthquake  recorded  at  Bonds 
Comer  were  chosen  as  the  base  earthquake  motions.  The  motions  were  modified  using  a  combination  of 
scaling  and  filtering,  as  detailed  in  Chapter  2,  in  order  to  produce  ductility  responses  of  roughly  4-5. 

The  stmcture  was  first  subjected  to  low-level  uniaxial  and  biaxial  earthquake  tests,  typically  at  10  -  25% 
of  the  reference.  Next,  the  structure  was  subjected  to  the  full-scale  reference  accelerograms,  followed  by 
white  noise  tests  to  analyze  any  changes  in  the  natural  frequencies  of  the  stmcture.  Typically,  the 
shaketable  displacement  limits  were  such  that  the  earthquake  reference  accelerograms  could  be  scaled  up 
by  50%,  in  order  to  perform  a  subsequent  simulation.  This  general  sequence  of  preliminary  tests  and 
earthquake  simulations  was  followed  for  each  of  the  eight  different  model  configurations. 


13.3  Primary  Observations  from  the  Experimental  Program 

The  applicability  of  the  experimental  results  to  the  behavior  of  code-designed  stmctures  is  important  to 
establish  before  detailing  the  experimental  results.  Overall,  the  peak  accelerations  of  the  ground  motions 
used  in  the  inelastic  simulations  were  larger  than  those  specified  by  the  Seismic  Provisions  for  design. 
However,  this  is  a  product  of  the  “backwards”  approach  that  was  taken  in  designing  the  test  matrix. 
Typically,  during  most  analytical  studies,  the  ground  motions  are  chosen  first  and  the  overall  layout  of  the 
force-resisting  elements  is  chosen.  The  yield  strength  of  the  elements  is  then  defined  based  on  the  desired 
Strength  Reduction  Factor.  For  this  study,  the  stmcture  was  designed  first  and  the  ground  motions  were 
then  selected  and  modified  in  order  to  achieve  the  desired  displacement  ductilities.  Thus,  making  a  direct 
comparison  between  the  ground  motions  used  during  this  study  and  design  ground  motions  specified  by 
the  Seismic  Provisions  is  not  a  good  measure  of  the  applicability  to  code-designed  stmctures,  as  the  test 
stmcture  was  not  designed  according  to  the  Provisions.  A  better  indicator  of  the  similarity  to  code 


608 


designed  structures  is  the  ductility  experienced  by  the  test  structure  or  the  effective  Strength  Reduction 
Factor.  An  effective  Strength  Reduction  Factor  for  a  particular  simulation  is  computed  as  the  ratio  of  the 
base  shear  force  for  the  groimd  motion  if  the  structure  remained  elastic  to  the  yield  base  shear.  The 
Seismic  Provisions  specifies  a  Strength  Reduction  Factor  (R)  of  8  for  Special  Steel  Moment  Frames  and 
3.5  for  Ordinary  Steel  Moment  Frames.  The  Strength  Reduction  Factors  for  the  inelastic  simulations 
performed  in  this  study  generally  fall  within  this  range.  Only  two  simulations,  EQ  16  and  EQ  46, 
possessed  an  effective  Strength  Reduction  Factor  larger  than  8,  and  in  both  cases  the  values  are  roughly  9. 
This  attribute  of  EQ  16  and  EQ  46  must  be  considered  when  assessing  the  applicability  of  the  results 
foimd. 

(A)  ^ Ratio 


Two  of  the  primary  parameters  in  the  seismic  design  of  structures  are  the  Strength  Reduction  Factor,  or 
the  Response  Modification  Coefficient  R  as  termed  in  the  Seismic  Provisions,  and  the  Ductility  Factor  fi, 
or  the  Deflection  Amplification  Factor  in  the  Provisions.  These  parameters  are  utilized  with  the 
Equivalent  Lateral  Force  Procedure  and  the  Modal  Response  Spectrum  Analysis  Procedure.  The  ratio 
jj/R  is  studied  to  determine  the  impact  of  different  magnitude  groimd  motions  and  plan  asymmetries.  This 
ratio  gives  a  measure  of  the  amount  of  ductility  the  Seismic  Provisions  expects  a  particular  structure  to 
experience  and  thus  for  which  it  must  be  designed.  It  also  indicates  how  the  peak  inelastic  displacements 
and  rotations  compare  with  the  peak  displacements  and  rotations  of  the  equivalent  elastic  system.  The 
Strength  Reduction  Factor  and  the  Ductility  Factor  are  coefficients  that  are  chosen  independently  of  any 
torsional  irregularities  or  plan  asymmetries,  and  are  also  independent  of  the  presence  of  imiaxial  or  biaxial 
design  ground  motions  and  their  magnitudes.  The  aforementioned  ratio,  jj/R,  is  numerically  equal  to 
ujue,  or  the  ratio  of  the  actual  peak  displacement  in  an  elastoplastic  system  to  the  peak  displacement  in 
the  corresponding  linear  system.  This  relationship  is  presented  in  Chapter  4,  is  referred  to  as  the  Modified 
jj/R  Ratio,  and  is  computed  as  the  ratio  of  the  normalized  displacement  dining  an  inelastic  simulation  to 
the  normalized  displacement  during  an  elastic  simulation.  The  Modified  jj/R  Ratio  can  also  be  defined  as 
the  ratio  of  the  normalized  rotation  during  an  inelastic  simulation  to  the  normalized  rotation  during  an 
elastic  simulation.  As  discussed  previously,  the  Seismic  Provisions  provides  a  range  for  the  Modified  Jl/R 
Ratio  of  0.86  to  0.69  for  an  Ordinary  Moment  Resisting  Frame  (OMRF)  and  a  Special  Moment  Resisting 
Frame  (SMRF),  respectively.  For  Configurations  6,  or  EQ  39  and  EQ  40 ,  the  X-Axis  force-resisting 
system  was  a  moment-resisting  frame,  while  a  concentrically  braced  fi-ame  was  present  in  the  Y  direction. 
The  Provisions  specifies  a  Modified  ji/R  Ratio  of  0.83  for  a  Special  Steel  Concentrically  Braced  Frame 
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and  0.90  for  an  Ordinary  Steel  Concentrically  Braced  Frame.  One  factor  to  consider  when  interpreting 
the  Ratio  with  respect  to  those  specified  in  the  Seismic  Provisions  is  that  pipe  columns  were  used  in 
this  test  structure,  not  the  wide-flange  shapes  typically  found  in  earthquake-resistant  buildings.  The  pipe 
columns  possess  a  shape  factor  of  about  1.37,  as  compared  to  the  typical  shape  factor  for  wide-flange 
shapes  of  about  1.1.  The  effect  of  the  larger  shape  factor  is  that  the  pipe  columns  possess  a  greater 
amount  of  reserve  strength  after  initial  yield,  which  also  reduces  the  rate  of  stiffness  degradation  after 
initial  yield.  This  would  imply  that  the  peak  displacements  observed  here  during  the  inelastic 
simulations,  and  consequently  the  fj/R  Ratio,  would  be  smaller  than  those  expected  for  a  structure  with 
wide-flange  shape  columns.  As  the  ductility  factor  increases,  and  hence  the  amount  of  inelastic  behavior 
increases,  the  discrepancy  in  response  due  to  the  column  shape  factor  increases.  The  Modified  jj/R  Ratios 
for  all  Configurations  are  shown  below. 


JU/R  Ratio 

Conflguration 

EQ 

X-Axis 

Y-Axis 

Z-Axis 

Symmetric  Mass 

1 00%  Uniaxial 

7 

N/A 

0.77 

N/A 

Symmetric  Mass 

100%  Biaxial 

■ 

1.37 

0.86 

0.84 

Symmetric  Mass 

1 50%  Biaxial 

D 

1.77 

1.83 

1.08 

Vi  Asymmetric  Mass  [X-Axis] 
100%  Biaxial 

28 

0.90 

0.51 

1.07 

Vi  Asymmetric  Mass  [X-Axis] 
150%  Biaxial 

29 

1.17 

1.03 

1.39 

Va  Asymmetric  Mass 

100%  Biaxial 

23 

1.60 

0.61 

1.90 

Vi  Asymmetric  Mass  [Y-Axis] 
Strength  Asymmetry 

1 00%  Biaxial 

34 

0.56 

0.67 

1.28 

14  Asymmetric  Mass  [Y-Axis] 
Strength  Asymmetry 

150%  Biaxial 

35 

0.80 

1.19 

1.39 

%  Asymmetric  Mass  [Y-Axis] 
Stiffness  Asymmetry 

Concentric  Bracing 

100%  Biaxial 

39 

1.28 

3.66 

2.42 

14  Asymmetric  Mass  [Y-Axis] 
Strength  Asymmetry 

Concentric  Bracing 

100%  X-Axis  90%  Y-Axis 

40 

1.96 

5.44 

3.59 

Overall,  the  jJ/R  Ratios  for  the  X-Axis  response  and  Y-Axis  response  of  the  unbraced  configurations,  are 
quite  varied  in  their  values,  ranging  from  0.51  to  1.83.  In  some  cases  the  Ratios  are  less  than  the 
Provisions  range  of  0.69  to  0.86,  but  in  a  number  of  cases  the  fj/R  Ratios  are  significantly  larger.  In 
comparing  EQ  07  and  EQ  15,  it  appears  that  the  addition  of  a  perpendicular  ground  motion  component 
does  not  significantly  affect  the  Ratio  for  systems  that  ostensibly  have  no  eccentricity.  There  does  not 
appear  to  be  any  correlation  between  degree  of  eccentricity  and  the  ^j/R  Ratio,  as  the  X-Axis  Ratio  for  EQ 
15,  the  symmetric  system,  is  greater  than  that  of  EQ  28,  with  one-way  eccentricity,  but  less  than  that  of 
EQ  23,  with  two-way  eccentricity.  Further,  the  Y-Axis  Ratio  for  the  symmetric  system  is  greater  than  the 
Ratios  for  both  the  one-way  and  two-way  asymmetric  systems.  In  comparing  EQ  15  and  EQ  16,  and  also 
EQ  28  and  EQ  29,  in  both  cases  the  Ratios  for  the  simulations  with  150%  ground  motions  are  greater  than 
those  with  100%  ground  motions,  as  would  be  expected.  Also  in  both  cases,  the  Y-Axis  Jj/R  Ratios 
nearly  double  when  the  groimd  motions  are  increased  by  50%,  while  the  X-Axis  ground  motions  increase 
to  a  lesser  degree.  The  stmcture  has  yielded  to  a  greater  degree  during  the  100%  simulations,  as  the  X- 
Axis  ground  motion  PGA  is  significantly  larger  than  the  Y-Axis  motion.  When  the  ground  motions  are 
increased  to  150%,  the  additional  degree  of  yielding  and  loss  of  stiffness  is  greater  in  the  Y  direction  than 
in  the  X  direction,  causing  the  larger  increase  in  the  jj/R  Ratio.  The  systems  in  both  Configuration  4,  EQ 
28  and  EQ  29,  and  those  in  Configuration  5,  EQ  34  and  EQ  35,  possess  one-way  asymmetry,  about  the  X- 
Axis  in  the  former  and  Y-Axis  in  the  latter.  In  all  four  simulations,  the  fj/R  Ratio  in  the  direction  of 
asymmetry  is  larger  than  in  the  symmetric  direction,  fi'om  14%  to  76%,  with  an  average  of  roughly  40%, 
greater.  It  appears  that  the  coupling  of  the  lateral  and  torsional  responses  amplifies  the  responses  in  the 
direction  of  the  asymmetry.  This  trend  appears  to  not  be  a  function  of  the  differences  in  ground  motions, 
because  with  Configuration  4  the  larger  motion  is  along  the  direction  of  asymmetry,  and  with 
Configuration  5  the  opposite  is  true.  In  most  cases  when  the  Ratio  exceeds  the  range  specified  by  the 
provisions,  the  value  is  near  1.0.  This  would  indicate  that  the  peak  inelastic  displacement  is  equal  to  the 
peak  elastic  displacement,  which  a  conservative  designer  might  assume.  However,  there  are  three  values 
much  larger  than  1 .0,  but  two  of  them  occur  for  a  simulation  which  achieved  displacement  ductilities  in 
the  X  and  Y  directions  of  roughly  12  and  9,  respectively.  The  response  of  this  particular  simulation  is 
such  that  it  might  not  be  representative  of  code-designed  structures. 

More  consistent  than  the  p/R  Ratios  for  the  displacement  responses  were  the  Ratios  for  the  rotational 
responses.  Every  rotational  p/R  Ratio  but  one  was  larger  than  1.0.  In  comparing  EQ  15,  EQ  16,  EQ  28, 
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EQ  29,  and  EQ  23,  the  clear  trend  is  that  the  rotational  Ratio  increases  with  increasing  eccentricity  and 
with  increasing  ground  motion  magnitude.  The  largest  value  of  the  fj/R  Ratio  rotationally  is  1 .90  and 
occurs  for  EQ  23,  the  only  simulation  discussed  here  that  features  eccentricity  about  both  the  X-Axis  and 
Y-Axis.  In  assessing  the  /J/R  Ratio  for  EQ  23,  it  must  be  noted  that  this  configuration  is  classified  as 
Torsionally  Irregular  according  to  the  Seismic  Provisions.  The  dynamic  amplification  of  torsion 
prescribed  in  the  Provisions  for  a  structure  possessing  a  Torsional  Irregularity  or  Extreme  Torsional 
Irregularity  could  potentially  mitigate  the  disparity  between  the  Z-Axis  /j/R  Ratio  for  EQ  23  and  those 
values  prescribed  by  the  Provisions.  However,  for  the  degree  of  torsional  irregularity  present  in  this 
structural  configuration,  the  dynamic  amplification  is  roughly  5%,  and  therefore  not  a  significant 
mitigating  factor  in  the  comparison. 

For  EQ  39  and  EQ  40,  a  system  possessing  lateral  bracing  in  the  Y  direction,  in  the  X  direction  the 
Modified  ju/R  Ratio  is  larger  than  the  specified  range  of  0.86  to  0.69  for  a  moment-resisting  frame,  they 
are  similar  to  values  observed  in  previous  configurations.  In  the  Y  direction,  the  Modified p/R  Ratio  is 
3.66  for  EQ  39  and  5.44  for  EQ  40.  These  values  are  significantly  greater  than  the  range  specified  in  the 
Provisions,  and  the  system  overstrength  for  a  concentrically  braced  fi-ame  with  tension-only  bracing  is  not 
as  great  as  for  a  moment-resisting  fi'ame.  In  addition,  because  the  design  of  concentrically  braced  frames 
is  not  typically  controlled  by  drift  or  deflection,  unlike  moment-resisting  frames,  there  is  a  lesser  degree 
of  design  overstrength  for  these  types  of  force-resisting  systems  as  well.  Because  the  concentrically 
braced  frames  provide  roughly  80%  of  the  torsional  stiffness  for  this  configuration,  it  is  not  surprising  that 
the  Modified  p/R  Ratio  rotationally  are  also  large  and  appear  to  be  changing  with  the  Y-Axis  Modified 
p/R  Ratios.  The  Modified  p/R  Ratio  rotationally  for  EQ  40  is  roughly  75%  larger  than  the  largest  Ratio 
observed  in  all  previous  configurations.  These  factors  in  total  lead  to  a  concern  that  the  ductility  in  design 
required  in  the  Provisions  for  concentrically  braced  frames  may  be  inadequate. 

(B)  Uy/Ux RATIO 

A  constant  p/R  Ratio  implies  that  the  ratio  of  the  two  peak  lateral  displacements  remains  constant 
regardless  of  whether  the  structure  responds  elastically  or  inelastically,  and  also  regardless  of  the  amount 
of  structural  asymmetry.  In  addition,  these  design  assumptions  also  imply  that  the  ratio  of  the  peak 
rotation  to  the  peak  lateral  displacement  remains  constant.  The  Uy/  ux  ratios  and  ug/ ux  ratios  are  shown 
below. 
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Configuration 

EQ 

ur/ux 

Uff/Ux 

Symmetric  Mass 

25%  Biaxial 

D 

0.73 

N/A 

Symmetric  Mass 

100%  Biaxial 

D 

0.43 

N/A 

Symmetric  Mass 

150%  Biaxial 

16 

0.80 

N/A 

Vz  Asymmetric  Mass 

10%  Biaxial 

27 

0.86 

0.29 

Vi  Asymmetric  Mass 

100%  Biaxial 

28 

0.51 

0.35 

!4  Asymmetric  Mass 

150%  Biaxial 

29 

0.85 

0.35 

Va  Asymmetric  Mass 

10%  Biaxial 

22 

0.96 

0.28 

Va  Asymmetric  Mass 

100%  Biaxial 

23 

0.37 

0.33 

Va  Asymmetric  Mass 

100%  Biaxial 

45 

0.64 

0.32 

Va  Asymmetric  Mass 

135%  Biaxial 

46 

1.04 

0.30 

Vi  Asymmetric  Mass 
Strength  Asymmetry 

10%  Biaxial 

32 

0.29 

0.14 

Vi  Asymmetric  Mass 
Strength  Asymmetry 
100%  Biaxial 

34 

0.35 

0.31 

Vi  Asymmetric  Mass 
Strength  Asymmetry 
150%  Biaxial 

35 

0.44 

0.24 

The  first  four  Configurations  listed  here,  including  the  simulations  EQ  14  -  16,  EQ  27  -  29,  EQ  22  -  23, 
and  EQ  45  -  46,  are  all  similar  with  the  exception  of  the  degree  of  eccentricity.  One  phenomenon  that  is 
present  throughout  each  of  these  four  Configurations  involves  the  change  in  the  uy/ux  ratio.  For  EQ  14, 
the  uy/uxratio  is  equal  to  0.73.  For  EQ  15,  an  inelastic  simulation,  the  ratio  drops  to  0.43,  a  decrease  of 
over  40%.  For  EQ  16,  the  second  inelastic  simulation,  the  ratio  of  increases  to  0.80.  This  trend  is 
seen  for  both  the  system  with  one-way  asymmetry  and  two-way  asymmetry.  As  discussed  in  Chapter  5,  it 
appears  that  due  to  the  differences  in  the  X-  and  Y-Axis  ground  motions,  the  structure  in  EQ  15  has 
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yielded  to  a  greater  degree  in  the  X  direction  than  in  the  Y  direction.  In  the  Y  direction,  the  structure  is 
still  in  the  region  of  the  pushover  curve,  Figure  5.12,  where  the  lateral  stiffness  has  not  yet  decreased 
significantly.  In  the  X  direction,  the  lateral  stiffness  has  decreased  to  a  much  greater  degree,  resulting  in  a 
much  larger  peak  displacement  proportionally  to  the  Y-Axis  peak  displacement.  In  EQ  16,  the  stiffness 
appears  to  have  decreased  to  a  similar  degree  in  the  Y  direction  as  in  the  X  direction,  as  the  structure  has 
traveled  further  along  the  pushover  curve.  This  phenomenon,  yielding  at  different  rates  in  the  two  lateral 
directions,  would  be  expected  to  occur  regularly  in  actual  structures,  as  orthogonal  ground  motion 
components  are  typically  different  and  structures  lose  stiffness  during  yielding  in  a  very  gradual  manner. 
The  result  of  this  is  that  the  ratio  u^/ux^avj  not  remain  constant  as  the  structure  proceeds  along  its  yield 
path,  indicated  by  the  pushover  curves.  But  it  also  appears  that  if  there  is  sufficient  yielding  in  each 
lateral  direction,  the  wy/wA' ratio  during  inelastic  response  is  nearly  equal  to  that  for  elastic  response, 
irrespective  of  whether  the  system  is  symmetric,  one-way  asymmetric,  or  two-way  asymmetric. 


Configuration 

EQ 

Uy/Ux 

Ue/Uy 

10%  Biaxial 

Vi  Asymmetric  Mass  [Y-Axis] 
Concentric  Bracing  [Y-Axis] 
Stiffness  Asymmetry  [Y-Axis] 

36 

0.30 

0.69 

1 00%  Biaxial 

Vz  Asymmetric  Mass  [Y-Axis] 
Concentric  Bracing  [Y-Axis] 
Stiffness  Asymmetry  [Y-Axis] 

39 

1.20 

0.46 

100%  X-Axis  90%  Y-Axis 

Vz  Asymmetric  Mass  [Y-Axis] 
Concentric  Bracing  [Y-Axis] 
Stiffness  Asymmetry  [Y-Axis] 

40 

0.75 

0.46 

Vz  Asymmetric  Mass 

100%  X-Axis  75%  Y-Axis 
Concentric  Bracing  [Y-Axis] 
Stiffness  Asymmetry  [Y-Axis] 
Strength  Asymmetry  [X-Axis] 

41 

0.47 

0.55 

Vz  Asymmetric  Mass 

100%  X-Axis  85%  Y-Axis 
Concentric  Bracing  [Y-Axis] 
Stiffness  Asymmetry  [Y-Axis] 
Strength  Asymmetry  [X-Axis] 

42 

0.63 

0.45 

For  Configuration  5,  EQ  32  -  35,  the  uy/ux  ratios  are  significantly  smaller  than  those  of  the  previously 
discussed  simulations.  The  differences  are  due  to  the  modal  frequencies  being  larger  for  this 
configuration  than  for  the  previous  configurations,  as  the  columns  have  greater  stiffiiesses.  For  EQ  27, 
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the  X-Axis  PSA  was  0.36  while  the  Y-Axis  PSA  was  0.30.  For  EQ  32,  the  X-Axis  PSA  was  0.39  while 
the  Y-Axis  PSA  was  only  0.12.  Also  different  from  previous  configurations,  the  uy/ux  ratio  does  not 
exhibit  a  large  drop  when  comparing  the  first  inelastie  test  to  the  elastic  test.  The  different  degrees  of 
yielding  between  the  X  and  Y  directions  seen  in  the  previous  configurations  is  not  present  here  because 
there  is  an  overall  lesser  degree  of  yielding  for  this  configuration.  As  the  ground  motions  are  increased 
for  this  configuration,  the  uy/ux  ratio  gradually  increases,  meaning  that  the  peak  Y-Axis  displacement  is 
increasing  relative  to  the  X-Axis  displacement.  One  explanation  for  this  lies  in  the  presence  of  the 
strength  eccentricity,  which  is  about  the  Y-Axis.  When  the  columns  on  the  north  side  of  the  structure  are 
yielding,  the  center  of  stiffiiess  would  move  significantly  to  the  south,  or  further  away  from  the  Y-Axis. 
The  instantaneous  stiffness  eccentricity  that  would  be  present,  and  the  rotation  of  the  structure  about  a 
point  noticeably  different  from  the  geometric  center,  would  increase  the  displacement  of  the  geometric 
center  due  to  the  torsion.  As  the  ground  motions  increased,  and  the  degree  of  yielding  of  the  columns  on 
the  north  side  of  the  structure  increased,  the  peak  Y-Axis  displacement  and  the  uy/ux  ratio  would  also 
inerease.  Having  the  uy/ux  ratio  remain  constant  during  the  move  from  elastic  to  inelastic  response 
requires  a  system  that  yields  similarly  in  both  directions,  as  evidenced  by  the  previous  configurations. 
However,  for  a  more  complicated  configuration  in  which  the  system  doesn’t  yield  similarly  in  both 
directions,  or  doesn’t  even  yield  uniformly  in  each  direction,  as  is  the  case  here  with  a  strength 
eccentricity,  it  would  be  unlikely  that  the  uy/  ux  ratio  would  remain  constant. 

With  Configurations  6  and  7,  EQ  36  -  42,  the  addition  of  the  concentric  bracing  necessitated  a  significant 
change  in  the  Y-Axis  input  ground  motions,  as  discussed  in  Chapter  10.  Thus,  making  comparisons  in 
the  uy/uxratio  and  the  ug/ux ratio  with  previous  configurations  is  difficult.  In  comparing  EQ  36  to  EQ 
39,  the  uy/ux  ratio  increases  by  roughly  a  factor  of  4.  The  largest  increase  in  the  uy/  Ux  ratio  from  an 
elastic  test  to  any  inelastic  test  observed  in  any  of  the  previous  configurations  was  50%  in  Test 
Configuration  5.  The  likely  cause  of  this  behavior  is  the  presenee  of  two  different  force-resisting 
systems:  a  moment-resisting  frame  along  the  X-Axis,  and  a  concentrically  braced  frame  along  the  Y-Axis. 
More  than  80%  of  the  stiffiiess  is  provided  by  the  tension-only  bracing  in  the  Y  direction,  and  the  degree 
of  overstrength  of  the  braces  yielding  in  tension  is  significantly  less  than  the  pipe-columns  yielding  in 
flexure.  The  result  of  this  is  the  eoncentrically  braced  frame  in  the  Y  direction  loses  stiffness  at  a  more 
rapid  rate  than  the  moment-resisting  frame  in  the  X  direction.  With  EQ  40,  the  uy/  ux  ratio  decreases, 
corresponding  to  the  X-Axis  PGA  increasing  55%,  while  the  Y-Axis  PGA  was  virtually  unchanged. 
Extending  this  scenario,  with  a  larger  X-Axis  ground  motion  or  a  reduction  in  the  strength  of  the  force- 
resisting  system  in  the  X  direction,  the  uy/ux  ratio  would  decrease  even  further,  since  the  degree  of 
stiffriess-loss  in  the  X  direction  would  “catch  up”  to  that  in  the  Y  direction.  This  also  would  likely 
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happen  if  the  X-Axis  and  Y-Axis  ground  motions  were  both  scaled  up  to  a  greater  level,  a  level  where  the 
X-Axis  stif&ess  loss  would  catch  up  to  the  Y-Axis  loss.  From  the  results  of  this  study,  it  is  impossible  to 
know  if  the  uy/ux  ratio  would  decrease  to  the  point  of  being  equal  to  the  value  for  the  elastic  simulation. 
One  mitigating  factor  in  the  impact  of  the  results  shown  here  is  that  a  moment-resisting  frame  is  typically 
designed  using  a  large  strength-reduction  factor,  with  the  intention  of  the  frame  achieving  significant 
ductility.  The  degree  of  ductility  of  2.1  achieved  in  the  X  direction  for  Configuration  6  is  likely  less  than 
would  be  experienced  in  a  properly  designed  moment-resisting  frame  under  large  ground  motions.  The 
results  from  Configuration  7  appear  to  follow  the  trends  observed  for  Configuration  6.  The  uy/ux  ratio 
for  the  initial  inelastic  simulation  is  smaller  than  those  observed  in  Configuration  6,  however  this  can  be 
attributed  to  the  reduction  of  the  Y-Axis  ground  motion.  The  uy/  ux  ratio  increases  slightly  for  EQ  42, 
which  is  most  likely  the  result  of  the  increase  in  the  Y-Axis  ground  motion.  But  as  this  configuration 
possesses  a  strength  eccentricity  similar  to  Configuration  5,  the  increase  in  the  uy/ ux ratio  might  also  be 
the  result  of  the  differential  yielding  of  the  columns  on  the  north  and  south  sides  of  the  structure,  as 
discussed  previously.  Although  a  direct  comparison  cannot  be  made  with  the  elastic  uy/  ux  ratio  as  none 
of  the  sets  of  ground  motions  in  this  configuration  have  the  same  proportions  as  in  EQ  36,  it  does  appear 
that  the  uy/ux  ratio  changes  with  the  relative  changes  in  the  X-Axis  and  Y-Axis  ground  motions  used  in 
each  simulation. 


(C)  Ug/Ux RATIO 

One  limitation  in  using  elastic  design  occurs  when  rotational  response  is  a  product  of  inelastic  behavior. 
When  yielding  occurs  in  one  or  both  of  the  transverse  directions,  the  torsional  stiffoess  decreases  and  the 
torsional  response  of  the  structure  increases.  However,  it  is  important  to  know  if  the  elastic  rotational 
response  can  be  correlated  to  the  inelastic  rotational  response.  Three  of  the  first  four  Configurations 
discussed  with  the  Uy/  Ux  ratio,  encompassing  EQ  27  —  29,  EQ  22  —23,  and  EQ  45  —  46,  also  exhibit 
consistency  with  regard  to  the  ug/uxratio.  For  the  system  with  one-way  mass  eccentricity,  the  ug/ ux 
ratio  increases  roughly  20%  in  moving  from  elastic  response  to  inelastic  response.  Further,  the  ug/ ux 
ratio  remains  constant  for  the  second  inelastic  simulation,  EQ  29.  This  trend  appears  to  continue  for  the 
system  with  two-way  mass  eccentricity,  as  the  ratio  increases  roughly  18%  in  moving  to  inelastic 

response  and  remains  fairly  constant  during  further  inelastic  simulations  with  increased  ground  motions. 
The  large  “dip”  observed  previously  in  the  uy/ ux  ratio  for  these  configurations  does  not  appear  to  be 
present  for  the  ug/ux  ratio.  The  ug  and  ux  displacements  are  much  more  tightly  coupled  than  the  uy  and 
i/js- displacements  are.  Due  to  the  fact  that  this  behavior  is  consistent  for  not  just  the  one-way  but  also  the 
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two-way  mass  eccentric  systems,  it  appears  that  the  coupling  between  the  ue  and  ux  displacements  is 
primarily  due  to  the  difference  in  the  X-Axis  and  Y-Axis  ground  motions.  For  these  configurations,  the 
X-Axis  input  groimd  motion  has  a  peak  acceleration  and  elastic  spectral  acceleration  over  50%  larger  than 
for  the  Y-Axis.  Thus,  it  appears  that  the  X-Axis  motion  impacts  the  torsional  displacement  to  a  greater 
degree  than  the  Y-Axis  motion  here. 

For  Configuration  5,  the  ue/ux  ratio  more  than  doubles  when  moving  fi-om  elastic  response  to  inelastic 
response.  It  then  decreases  somewhat  for  the  second  inelastic  simulation,  instead  of  remaining  constant 
as  with  the  configurations  discussed  above.  As  the  response  increases  to  the  point  where  yielding  begins, 
the  two  weaker  columns,  located  on  the  north  side  of  the  structure,  will  yield  before  the  stronger  columns 
and  to  a  much  greater  degree.  In  fact,  it  is  possible  that  the  two  stronger  columns  may  remain  elastic 
throughout  the  entire  response.  During  these  instances  or  periods  of  differential  yielding  between  the 
stronger  and  weaker  columns,  an  instantaneous  stiffiiess  eccentricity  appears  which  may  significantly 
increase  the  torsional  response  of  the  structure.  In  previous  configurations  it  is  likely  that  all  four 
colmnns  did  not  yield  simultaneously.  Therefore  this  phenomenon  may  have  occurred  to  some  degree, 
however  the  presence  and  degree  of  the  strength  eccentricity  increased  the  effect  substantially,  as 
demonstrated  by  the  ue/ux  ratios  in  this  configuration.  This  type  of  eccentricity  may  present  a 
significant  problem  in  design,  as  the  stiffness  eccentricity  that  may  appear  will  do  so  only  in  inelastic 
simulations.  Thus,  the  assumption  that  the  ug/uxratio  remains  the  same  for  elastic  and  inelastic  response 
clearly  does  not  hold  for  this  case.  The  degree  to  which  this  parameter  will  increase  for  inelastic  response 
will  depend  on  the  specific  configuration  and  material  properties  of  the  structure.  With  the  previous 
configurations,  comparing  ug  with  ux  was  most  useful  because  of  the  greater  dependence  of  on  ux  as 
opposed  to  Uy-  With  this  configuration,  the  correlation  is  not  as  clear.  The  X-Axis  ground  motion 
remains  significantly  larger  than  the  Y-Axis  ground  motion,  however  the  mass  eccentricity  for  this 
configuration  is  about  the  Y-Axis  only.  Therefore,  it  is  useful  to  also  compute  the  ug/  uy  ratio,  in  which 
case  the  value  is  0.44  for  the  elastic  simulation  and  increases  to  0.88  for  the  first  inelastic  simulation. 

This  appears  to  be  a  similar  increase  as  observed  for  the  ug/ uxratio.  The  ug/ uyratio  decreases  to  0.55 
for  the  second  inelastic  simulation,  which  is  roughly  25%  larger  than  the  ratio  observed  for  the  elastic 
simulation.  The  decrease  in  the  ug/  uy  ratio  could  be  the  result  of  Uy  increasing  due  to  a  larger  degree  of 
yielding  along  the  Y-Axis.  The  system  would  be  expected  to  respond  inelastically  to  a  greater  degree 
rotationally  than  translationally  along  the  Y-Axis,  at  least  initially.  As  noted  earlier,  the  system  will  begin 
to  rotate  significantly  as  the  weaker  columns  yield,  however,  the  system  will  not  begin  to  translate 
significantly  imtil  both  the  weaker  and  stronger  columns  yield.  Thus,  it  appears  that  the  trend  observed 
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for  the  earlier  configurations,  of  the  ratio  of  rotational  to  lateral  response  increasing  by  roughly  20%  for 
the  inelastic  simulations,  might  also  follow  for  this  configuration,  although  it  is  more  difficult  to  tell  with 
a  more  complicated  configuration.  If  true,  it  would  indicate  that  the  rotational  response  is  correlated  to  a 
greater  degree  to  the  lateral  response  in  the  direction  of  eccentricity,  as  opposed  to  the  direction  of  larger 
ground  motion.  In  addition,  this  configuration  illustrates  the  importance  of  uniform  yielding  of  the 
system  when  trying  to  correlate  the  rotational  response  to  lateral  response,  as  also  seen  in  correlating  the 
two  lateral  responses. 

With  Configurations  6  and  7,  which  incorporate  lateral  bracing,  the  peak  rotation  was  compared  with  the 
peak  Y-Axis  displacement,  as  both  the  mass  eccentricity  and  stronger  ground  motion  component  were 
along  the  Y-Axis.  For  Configuration  6,  the  ue/uy  ratio  decreases  roughly  35%  in  moving  fi-om  elastic  to 
inelastic  response.  The  ratio  remains  constant  for  the  second  inelastic  simulation,  although  the  ground 
motions  did  not  significantly  change  for  EQ  40.  Although  the  change  is  significant,  the  decrease  would 
prove  to  be  conservative  from  a  design  standpoint.  The  displacement  ductility  in  the  Y-Axis  is 
significantly  greater  than  in  the  X-Axis,  which  might  indicate  that  the  lack  of  yielding  in  the  X  direction 
is  preventing  the  rotational  stiffness  from  decreasing  to  the  same  degree  as  the  Y-Axis  translational 
stiffness.  As  stated  above  for  the  displacement  ratio,  the  degree  of  ductility  achieved  in  the  X  direction 
for  Configuration  6  is  likely  less  than  would  be  experienced  in  a  properly  designed  moment-resisting 
frame  imder  large  ground  motions.  It  appears  that  the  ug/  uy  ratios  for  Configuration  7  that  the  ratios  for 
inelastic  response  extend  from  the  previous  configuration,  as  the  values  are  similar.  This  would  appear  to 
validate  the  decrease  in  ug/uy  ratio  for  inelastic  response  from  elastic  response.  However,  as  shown  in 
Test  Configuration  5,  the  presence  of  a  strength  eccentricity  can  have  a  significant  impact  on  the  inelastic 
torsional  response,  as  the  strength  eccentricity  can  produce  a  stiffiiess  eccentricity  that  is  not  present 
during  elastic  response.  It  is  difficult  to  quantify  the  impact  of  the  strength  eccentricity  on  the  torsional 
response  in  this  configuration  because  there  is  also  a  stiffiiess  eccentricity  present  from  the  concentric 
bracing,  and  the  two  asymmetries  are  about  different  axes.  The  influence  of  each  eccentricity,  along  with 
the  mass  eccentricity,  would  depend  on  the  relative  responses  of  the  system  along  the  X-Axis  and  Y-Axis 
at  any  instant. 

13.4  Primary  Observations  from  the  Analytical  Program 


The  primary  focus  of  seismic  design  is  to  resist  large-scale  earthquakes,  in  which  the  structure  will 
respond  well  into  the  inelastic  region,  and  thus  it  is  important  to  be  able  to  accurately  predict  inelastic 
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structural  response.  However,  it  is  also  important  in  designing  or  assessing  a  building  to  consider  the 
response  to  lower  level  earthquakes,  which  would  be  more  likely  to  occur  during  the  lifetime  of  the 
building  but  might  not  produce  significant  yielding,  if  any  at  all. 

Finite  element  analyses  were  performed  for  a  selected  group  of  earthquake  simulations  in  an  effort  to 
accurately  predict  the  structural  response  of  the  system  for  each  test  configuration.  Initially,  the  nonlinear 
analysis  program  Abaqus  was  chosen  to  carry  out  the  analyses.  However,  due  to  the  considerable  amount 
of  computing  time  required  in  some  cases,  a  second  program  was  chosen,  Drain-3DX,  to  provide,  in 
addition  to  response  predictions,  a  comparison  with  Abaqus  regarding  prediction  accuracy  and  the  overall 
features  and  limitations  of  each  program  and  their  potential  impact  on  the  analysis  solutions. 

A  summary  of  the  analytical  peak  displacement  and  rotational  responses  as  compared  to  the  recorded 
experimental  responses  is  shown  for  the  elastic  simulations  in  Table  13.1.  Overall,  both  Abaqus  and 
Drain-3DX  predicted  the  peak  translational  displacements  very  well  for  the  selected  elastic  simulations, 
with  the  Abaqus  predictions  proving  to  be  slightly  more  accurate  than  the  Drain-3DX  predictions.  In 
order  to  quantitatively  compare  the  two,  the  percent  difference,  or  percent  error,  was  computed  between 
each  of  the  predicted  response  quantities  and  the  corresponding  measured  experimental  response 
quantities.  The  mean  percent  error  for  the  X-Axis  and  Y-Axis  peak  displacements  using  Abaqus  was 
7.8%,  with  a  coefficient  of  variation  of  0.72.  The  median  Abaqus  percent  error  for  the  same  response 
quantities  was  7.3%,  which  being  similar  in  magnitude  to  the  mean,  indicates  that  mean  was  not  overly 
influenced  by  extreme  values.  This  is  verified  by  the  range  of  percent  error,  being  from  0.4%  to  19.1%. 

In  comparison,  the  mean  percent  error  using  Drain-3DX  to  predict  the  peak  elastic  displacements  was 
13.2%,  with  a  standard  deviation  of  0.79.  The  median  Drain-3DX  error  for  the  elastic  displacements  was 
10.0%.  While  not  significantly  different  from  the  mean,  this  indicates  a  few  larger  error  values.  The 
percent  error  range  was  0.9%  to  39.4%.  Thus  in  predicting  the  elastic  displacements,  the  Abaqus  analyses 
proved  to  be  slightly  more  acciunte  and  more  consistent  than  the  Drain-3DX  analyses,  although  both  were 
satisfactory. 

The  ability  to  predict  the  elastic  rotational  response  and  peak  rotations  proved  to  be  significantly  more 
difficult  than  the  elastic  displacement  response.  The  mean  percent  error  in  predicting  the  peak  elastic 
rotations  using  Abaqus  was  40.5%,  with  a  coefficient  of  variation  of  0.78.  The  median  Abaqus  percent 
error  for  the  same  response  quantity  was  38.4%,  with  a  range  of  values  of  1 1.5%  to  73.7%.  In 
comparison,  the  mean  error  using  Drain-3 DX  to  predict  the  elastic  rotations  was  44. 1%,  with  a  coefficient 
of  variation  of  0.74.  The  median  Drain-3DX  error  was  42.3%,  again  very  close  to  the  mean.  The  range 
of  errors  for  the  rotational  predictions  was  10.2%  to  81.6%. 
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In  analyzing  the  test  structure  with  eight  different  test  configurations,  it  became  apparent  that  some 
response  quantities  were  more  difficult  to  predict  accurately  depending  on  the  particular  test  configuration 
and  whether  the  response  was  elastic  or  inelastic.  With  regard  to  the  elastic  X-Axis  and  Y-Axis 
displacements,  no  particular  configuration  proved  to  be  more  difficult  to  model  than  the  others.  However, 
this  was  not  the  case  with  the  elastic  rotational  response.  Peak  rotations  were  predicted  for  elastic 
simulations  in  four  test  configurations:  Configuration  4,  with  one-way  mass  asymmetry;  Configuration  3, 
with  two-way  asymmetry;  Configuration  5,  with  one-way  mass  asymmetry  and  a  strength  asymmetry; 
and  Configuration  6,  with  a  one-way  mass  asymmetry  and  concentric  bracing.  In  both  the  Abaqus  and 
Drain-3DX  analyses,  the  predicted  elastic  peak  rotations  in  Configurations  5  and  6  were  significantly  less 
accurate  than  those  in  Configurations  3  and  4.  The  average  error  for  Configurations  3  and  4  was  15.5%, 
while  the  experimental  peak  rotations  in  Configurations  5  and  6  were  roughly  2.5  and  4  times  larger  than 
the  predicted  values.  The  elastic  peak  rotations  for  Test  Configurations  5  and  6  predicted  by  static 
analysis  are  0.20  x  10'^  radians  and  0.15  x  10'^  radians,  respectively.  Even  considering  the  dynamic 
amplification,  the  peak  rotation  predicted  for  Configuration  6  by  static  analysis  is  in  much  better 
agreement  with  that  predicted  by  Abaqus  and  Drain-3DX,  as  opposed  to  the  experimental  peak  rotation. 

It  is  not  clear  why  the  analytical  models  so  severely  underestimate  the  rotational  response  for  these  two 
configurations. 

Overall,  the  rotations  proved  to  be  significantly  more  difficult  to  predict  than  the  displacements.  A 
number  of  factors  could  have  played  a  role  in  this.  Imprecise  placement  of  the  structure  on  the 
shaketable,  imprecise  placement  of  the  masses  on  the  diaphragm,  nonuniformity  of  the  diaphragm,  etc. 
Each  of  these  possible  factors  could  have  contributed  to  an  additional  effective  eccentricity,  or  accidental 
eccentricity.  In  creating  the  analytical  models,  the  model  structures  were  “tuned”  to  the  experimentally 
measured  modal  frequencies  by  altering  the  stiffnesses  of  the  Non-Rigid  Links,  in  an  effort  to  replicate 
the  dynamic  properties  of  the  actual  test  structure  in  each  configuration.  However,  no  accidental 
eccentricity  was  added  to  the  finite  element  model  despite  the  fact  that  it  was  most  likely  present  in  the 
actual  test  structure.  The  first  difficulty  in  adding  any  accidental  eccentricity  is  the  impossibility  of 
measuring  its  magnitude.  One  solution  would  be  to  take  some  arbitrary  fraction  of  the  plan  dimension, 
most  likely  less  than  the  standard  5%  as  the  physical  specifications  and  geometry  of  this  test  structure  are 
more  precisely  known  than  that  of  an  actual  building.  The  second  difficulty  in  adding  any  accidental 
eccentricity  is  the  positioning.  It  is  possible  to  add  to  or  subtract  from,  in  both  the  X  and  Y  directions,  the 
actual  eccentricity,  allowing  for  four  possibilities,  each  of  which  would  have  differing  impacts  on  the 
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rotational  response  of  the  structure.  Thus,  any  accidental  eccentricity  present  in  the  test  structure  was 
neglected. 

Although  the  absence  of  any  additional  “accidental”  eccentricity  in  the  analytical  models  may  have 
contributed  to  the  consistent  underestimation  of  the  torsional  response,  the  translational  response  does  not 
appear  to  be  affected,  as  the  peak  elastic  displacements  are  predicted  fairly  accurately.  The  test  structure 
in  Configurations  1  -  4  possessed  an  eccentricity  roughly  40%  of  the  radius  of  gyration  and  an  imcoupled 
torsional-to-lateral  fi-equency  ratio  Q  =  1 .8.  For  a  structure  with  this  moderate  degree  of  eccentricity  and 
large  degree  of  torsional  stiffness,  the  impact  of  any  torsional  response  on  the  elastic  translational 
response  is  small.  Thus,  the  inaccuracy  of  the  rotational  response  in  the  analytical  models  would  not  have 
a  significant  effect  on  the  accuracy  of  the  translational  response. 

A  summary  of  the  analytical  peak  displacement  and  rotational  responses  as  compared  to  the  recorded 
experimental  responses  is  shown  for  the  inelastic  simulations  in  Table  13.2.  Overall,  both  Abaqus  and 
Drain-3DX  predicted  the  peak  inelastic  translational  displacements  less  accurately  than  the  elastic 
displacements.  The  mean  error  in  predicting  the  peak  inelastic  displacements  using  Abaqus  was  25.2%, 
with  a  coefficient  of  variation  of  1.80.  The  median  inelastic  displacement  error  was  13.6%.  For  Test 
Configuration  6,  the  first  configuration  with  concentric  lateral  bracing  along  the  Y-Axis,  the  Abaqus 
analyses  overestimated  the  peak  Y-Axis  displacement  by  133.2%  and  209.4%,  respectively,  in  the  two 
inelastic  simulations.  If  those  two  values  are  removed  from  consideration,  the  mean  error  and  median 
error  are  in  much  better  agreement  at  13.5%  and  9.3%,  respectively.  Although  these  two  aberrant 
predictions  were  for  the  first  configuration  with  concentric  bracing,  the  following  test  configiuation  did 
also  feature  concentric  bracing.  The  Abaqus  displacement  predictions  for  Test  Configuration  7  were 
much  more  accurate  than  those  for  Test  Configuration  6,  suggesting  that  the  results  fi-om  Configuration  6 
were  not  an  indicator  of  a  general  difficulty  with  Abaqus  analyses  of  a  braced  structure.  As  stated  in 
Chapter  10,  a  very  large  inelastic  excursion  occurs  during  the  Y-Axis  displacement  response  which  is  the 
primary  cause  of  the  lack  of  accuracy  in  the  Abaqus  predictions  for  Configuration  6. 

In  comparison,  the  mean  peak  inelastic  displacement  error  using  Drain-3DX  was  15.2%,  with  a 
coefficient  of  variation  of  0.76.  The  median  peak  displacement  error  is  also  15.2%,  indicating  that  the 
mean  is  a  very  good  overall  measure  of  the  response  of  the  entire  selection  of  inelastic  simulations.  Thus, 
in  removing  the  two  Abaqus  predictions  for  Test  Configuration  6,  both  Abaqus  and  Drain-3DX  predicted 
the  peak  inelastic  displacements  fairly  accurately.  The  Abaqus  analyses  proved  to  be  slightly  more 
accurate  than  the  Drain-3DX  analyses,  the  two  Configuration  6  predictions  notwithstanding,  although  the 
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differences  were  small.  Both  the  Abaqus  analyses  and  Drain-3DX  analyses  were  less  accurate  in 
predicting  the  peak  inelastic  displacements  than  in  predicting  the  peak  elastic  displacements,  but  again, 
the  differences  were  not  significant. 

As  with  the  elastic  rotational  response,  the  inelastic  rotational  response  proved  to  be  more  difficult  to 
accurately  predict  than  the  inelastic  translational  response.  The  mean  error  in  the  peak  inelastic  rotations 
predicted  by  Abaqus  analyses  was  49.8%,  with  a  coefficient  of  variation  of  0.69.  The  median  peak 
rotation  error  was  3 1 .9%,  while  the  error  spanned  a  wide  range  of  values  from  1 1 .5%  to  144.6%.  The 
two  inelastic  simulations  in  Configuration  6  discussed  above,  for  which  Abaqus  significantly 
overestimated  the  Y-Axis  peak  displacement,  also  had  their  peak  rotations  significantly  overestimated  by 
the  Abaqus  analyses.  In  fact,  these  were  the  only  two  inelastic  simulations  in  which  the  Abaqus  analyses 
overestimated  the  peak  rotational  response.  That  fact,  coupled  with  the  observation  that  the  peak 
rotational  error  appears  to  increase  as  the  peak  Y-Axis  displacement  error  mcreases  for  the  two 
Configuration  6  simulations,  and  the  fact  that  the  torsional  response  for  Configuration  6  is  primarily  a 
product  of  the  Y-Axis  response  and  the  eccentricity,  appears  to  indicate  that  the  large  errors  in  predicting 
the  peak  rotation  are  due  to  the  errors  in  predicting  the  peak  Y-Axis  displacements.  In  addition  to  the 
inaccuracies  in  Configuration  6,  the  peak  rotations  for  the  two  inelastic  simulations  in  Configuration  2, 
with  no  mass  eccentricity,  were  underestimated  by  roughly  75%  each.  This  was  primarily  attributed  in 
earlier  chapters  to  the  lack  of  inclusion  of  any  amount  of  accidental  eccentricity  in  the  finite  element 
models,  despite  the  fact  that  some  small  amount  would  most  likely  be  present.  The  mean  Abaqus  peak 
rotation  error  becomes  33.5%  if  all  of  the  configurations  with  the  exception  of  Configurations  2  and  6  are 
considered. 

The  mean  error  in  the  peak  inelastic  rotations  predicted  by  the  Drain-3 DX  analyses  was  28.1%,  with  a 
coefficient  of  variation  of  0.82  and  a  median  error  of  17.0%.  As  with  the  Abaqus  predictions  discussed 
above,  the  Drain-3DX  predictions  underestimate  the  inelastic  peak  rotations  in  Configuration  2  by 
roughly  65%  and  the  inaccuracies  are  again  attributable  to  the  lack  of  any  accidental  eccentricity. 

Without  incorporating  the  results  from  Configuration  2,  the  mean  error,  at  21.3%,  is  in  much  better 
agreement  with  the  median  error.  Overall,  the  Drain-3DX  analyses  prove  to  be  significantly  more 
accurate  in  predicting  the  inelastic  rotational  response  than  the  Abaqus  analyses.  Both  the  Abaqus 
analyses  and  the  Drain-3DX  analyses  are  more  accurate  in  predicting  the  peak  inelastic  rotations  than  the 
peak  elastic  rotations,  with  the  Drain-3DX  inelastic  predictions  being  roughly  twice  as  accurate  as  the 
elastic  predictions. 
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13.5  Conclusions 


1.  The  fj/R  Ratio  is  not  constant  for  differing  test  configurations,  earthquake  magnitudes,  and  component 
directions.  The  addition  of  a  perpendicular  ground  motion  component  appears  to  have  little  affect  on  the 
jii/R  Ratio  for  symmetric  systems,  and  there  does  not  appear  to  be  any  correlation  between  degree  of  mass 
asymmetry  and  the  /j/R  Ratio.  In  addition,  it  appears  to  be  consistently  larger  than  the  range  of  fj/R 
Ratios  prescribed  by  the  Seismic  Provisions,  especially  for  the  system  with  concentric  lateral  bracing.  The 
rotational  ^i/R  Ratio  is  consistently  larger  than  1.0,  and  increases  with  increasing  eccentricity  and  ground 
motion  magnitude.  The  expected  level  of  overstrength  that  structures  are  assumed  during  design  to 
possess,  roughly  on  the  order  of  2  -  4,  would  be  a  significant  mitigating  factor  in  comparing  the  /j/R 
Ratios  prescribed  by  the  Provisions  with  those  determined  experimentally  here.  When  considering  the 
effect  of  structural  overstrength,  the  /t/R  Ratios  would  generally  not  exceed  those  prescribed  by  the 
Seismic  Provisions.  However,  even  considering  the  system  overstrength  which  is  less  for  a  concentrically 
braced  frame  than  a  moment-resisting  frame,  the  ft/R  Ratios  for  the  laterally  braced  configuration  were 
significantly  larger  than  those  specified  in  the  Provisions,  indicating  that  the  specified  design  ductilities 
for  concentrically  braced  frames  may  be  inadequate. 

2.  The  uy/ux  ratio  remains  constant,  or  somewhat  close  to  constant,  during  the  change  from  elastic  to 
inelastic  response.  However,  this  result  does  depend  significantly  on  the  system  achieving  a  significant 
degree  of  yielding  in  both  directions.  This  appears  to  hold  true  for  systems  with  no  mass  eccentricity, 
one-way  mass  eccentricity,  two-way  mass  eccentricity,  and  lateral  bracing.  The  small,  but  non-trivial, 
differences  in  the  ground  motions  used  for  the  various  configurations  also  lend  additional  validation  to  the 
results.  However,  the  configuration  with  a  strength  eccentricity  and  no  bracing  clearly  did  not  exhibit 
similar  response  results.  This  type  of  eccentricity  tends  to  produce  non-imiform  yielding,  which  is  critical 
for  the  Uy/  Ux  ratio  to  remain  constant. 

3.  The  Uff/uy  ratio  increases  roughly  20%  in  moving  from  elastic  response  to  inelastic  response.  Results 
indicate  that  the  increase  is  applicable  for  both  one-way  and  two-way  mass  eccentric  structures.  The 
increase  also  appears  to  be  independent  of  the  magnitude  of  the  inelastic  groimd  motions,  as  long  as  the 
ground  motions  are  sufficient  to  produce  relatively  uniform  yielding  in  both  translational  directions.  The 
results  for  the  systems  featuring  lateral  bracing  do  not  directly  support  these  conclusions,  but  it  is  not  felt 
that  enough  data  exists  for  braced  systems  to  contradict  the  conclusions  either.  For  the  system  with  a 
strength  eccentricity,  however,  the  ug/ uy  ratio  roughly  doubles  in  moving  from  elastic  response  to 
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inelastic  response.  The  non-uniform  column  yielding  due  to  the  strength  eccentricity  likely  produced 
significant  instantaneous  stifftiess  eccentricities,  resulting  in  noticeable  increases  in  torsional  response. 
This  type  of  eccentricity  presents  particular  difficulties  for  design  because  the  resulting  instantaneous 
stiffness  eccentricities  are  not  present  during  elastic  response. 

4.  In  the  finite  element  analysis  of  elastic  displacement  response,  no  one  configuration  proved  more 
difficult  to  predict  than  the  others.  With  one  exception,  the  predictions  for  the  inelastic  responses  of  each 
of  the  configurations  using  were  equally  accurate.  Overall,  the  analytical  predictions  of  the  elastic 
displacement  response  were  accurate  to  within  about  7.5%,  while  the  predictions  of  the  inelastic  response 
were  accurate  to  within  about  14.5%.  A  number  of  the  configurations  featured  two  inelastic  simulations, 
with  the  structure  possessing  pre-existing  inelastic  damage  and  typically  amplified  ground  motions  during 
the  second  simulation,  and  the  peak  displacement  predictions  proved  to  be  equally  accurate  as  those 
predicted  for  the  initial  inelastic  simulation. 

ft 

5.  The  elastic  torsional  response  for  the  more  complicated  force-resisting  systems,  including  those 
systems  with  lateral  bracing  and  with  two  different  types  of  columns,  is  more  difficult  to  predict.  This 
trend  appears  to  continue  for  the  inelastic  response,  as  Configurations  5  —  7,  which  each  feature  either 
concentric  lateral  bracing  or  two  different  types  of  columns,  or  both,  appear  on  average  to  be  more 
difficult  to  predict  rotationally  than  Configurations  3, 4,  and  8,  having  only  mass  eccentricity.  Overall, 
the  analytical  predictions  of  the  elastic  rotational  response  were  accurate  to  within  about  42%,  while  the 
predictions  of  the  inelastic  response  were  accurate  to  within  about  31%.  The  peak  rotations,  for  both 
elastic  and  inelastic  simulations,  were  consistently  underestimated  by  the  analytical  analyses. 

6.  Overall,  the  Abaqus  and  Drain-3DX  analyses  predicted  equally  well  the  measured  peak  displacements 
for  both  elastic  and  inelastic  response  and  for  a  variety  of  structural  configurations.  Drain-3DX  is  slightly 
more  accurate  in  predicting  the  peak  inelastic  rotations  than  Abaqus,  although  both  were  reasonably 
accurate.  Despite  the  increased  modeling  capabilities  of  Abaqus,  including  a  much  more  general  and 
detailed  post-yield  material  hardening  model,  Drain-3DX  proved  to  be  equally  capable,  and  in  some 
instances  more  capable,  in  its  analytical  performance.  In  addition,  the  Abaqus  analyses  required 
significantly  more  computing  time  and  power  to  complete. 

7.  The  results  found  by  using  a  “tuned”  analytical  model  proved  to  be  consistent  with  results  using  a 
more  simplified  analytical  model  with  “design”  assumptions,  as  discussed  in  Chapter  12.  When 
analyzing  elastic  response,  any  differences  in  the  modal  frequencies  of  the  analytical  model  and  actual 
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structure  can  produce  larger  errors  in  the  predicted  response.  When  analyzing  inelastic  response, 
differences  in  the  modal  frequencies  become  less  important,  while  the  amoimt  of  the  structure  able  to 
deform  plastically  becomes  more  important  to  model  accmately.  Changing  the  “effective  length”  of  the 
diagonal  bracing  altered  the  modal  frequency  in  the  direction  of  the  bracing,  and  as  a  result  had  a 
noticeable  impact  on  the  elastic  peak  response.  However,  altering  this  parameter  had  no  significant 
impact  on  the  inelastic  response.  Using  an  analytical  model  with  some  degree  of  strain  hardening  results 
in  response  predictions  that  are  significantly  more  accurate  than  an  analytical  model  with  an  elastic  - 
perfectly  plastic  material  model. 
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Table  13.1  Analytical  vs.  Experimental  Displacement  and  Rotation  Response  Comparison  -  Elastic  Simulations 
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APPENDIX  A 

SHAKING  TABLE  CHARACTERISTICS,  INSTRUMENTATION, 
AND  DATA  DESCRIPTIONS 


This  appendix  describes  the  physical  characteristics  of  the  Construction  Engineering  Research  Laboratory 
(CERL)  shaking  table  and  data  acquisition  system,  and  describes  the  instrumentation  systems  and  their 
application  in  the  earthquake  simulations.  Section  A.l  describes  the  shake  table’s  physical 
characteristics,  performance  specifications,  and  control  system.  Section  A.2  provides  an  overview  of  the 
instrumentation  used  in  this  project.  Each  type  of  transducer  utilized  in  this  experimental  research  is 
described,  and  its  location  on  the  model  structure  is  described. 


A.1  CERL  Shaketable 
(a)  General  Description 

The  CERL  shake  table,  or  Biaxial  Shock  Test  Machine  (BSTM),  was  constructed  by  the  U.S.  Army  in 
1971  to  support  research  for  the  SAFEGUARD  antiballistic  missile  system  development.  This  research 
required  the  unique  operating  characteristics  of  high  frequency  and  high  acceleration  for  payloads 
weighing  up  to  12,000  lbs.  In  1996,  a  complete  “triaxial”  upgrade  of  the  BSTM  was  completed,  and  was 
hence  renamed  the  Triaxial  Earthquake  and  Shock  Simulator  (TESS).  This  project  was  conducted  after 
the  triaxial  upgrade  was  completed,  thus  this  description  summarizes  the  capabilities  of  the  new  TESS 
configuration. 

A  plan  view  of  the  TESS  is  shown  in  Figure  A.1.  The  TESS  has  controlled  motion  capability  for  its 
vertical  axis  and  both  horizontal  axes.  Prior  to  the  “triaxial”  upgrade,  the  shake  table  had  controlled 
motion  capability  for  only  its  vertical  axis  and  one  horizontal  axis.  The  triaxial  motion  control  requires 
that  six  degrees  of  freedom  (DOFs)  be  controlled:  translations  for  each  of  the  three  axes  of  motion,  roll, 
pitch,  and  yaw.  The  roll  DOF  corresponds  to  rotation  about  the  north-south  horizontal  axis,  the  pitch 
DOF  corresponds  to  rotation  about  the  east-west  horizontal  axis,  and  the  yaw  DOF  corresponds  to 
rotation  about  the  vertical  axis.  For  the  testing  in  this  project,  no  vertical  motions  were  input.  Earthquake 
simulations  were  either  uniaxial,  utilizing  one  horizontal  axis,  or  biaxial,  utilizing  both  horizontal  axes. 
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The  TESS,  operating  in  the  earthquake  simulation  mode,  can  test  payload  as  heavy  as  120,000  lb.  TESS 
can  produce  displacements  of  up  to  ±6  in.  to  simulate  any  recorded  or  theoretical  earthquake  event.  In 
this  mode,  the  TESS  can  test  larger  specimens  over  larger  displacement  ranges  more  typical  of  seismic 
vibrations.  The  table  below  lists  the  performance  parameters  for  the  two  test  modes.  The  TESS 
combines  a  high  payload  capability  with  a  broad  frequency  range,  high  acceleration  performance,  a  wide 
displacement  range,  and  simultaneous,  independent  control  of  up  to  three  axes  of  vibration.  Biaxial 
performance  is  rated  with  a  12  kip  payload,  and  the  triaxial  performance  with  a  120  kip  payload.  Larger 
payloads  can  be  tested  at  lower  acceleration  levels,  while  smaller  payloads  can  be  tested  at  up  to  twice  the 
rated  accelerations. 

The  shake  table  platform  is  a  welded  cellular  aluminum  structure  measuring  12-ft  x  12-ft  in  plan.  This 
eonstruction  results  in  a  table  that  is  rigid  and  lightweight.  The  system  is  powered  by  17  electro-hydraulic 
actuators,  as  described  in  Table  A.  1 .  Separate  reinforced  concrete  vertical  and  horizontal  foimdations 
accommodate  all  reactions.  Their  combined  weight  is  approximately  4,000  kips.  The  separate 
foimdations  minimize  cross-coupling  between  vertical  and  horizontal  reaction  forces.  Seismic  test  control 
is  provided  in  the  three  primary  degrees  of  freedom  (x-horizontal,  y-horizontal  and  z-vertical  axes),  and 
also  provides  active  control  of  the  remaining  three  degrees  of  freedom  (yaw,  pitch  and  roll  axes)  to 
minimize  undesirable  out  of  plane  vibrations  during  a  test.  The  Seismic  Test  Execution  (STEX)  computer 
software/hardware  system  provides  the  operator  interface  to  the  TESS  system.  The  STEX  system 
provides  the  capability  to  completely  define  uniaxial,  biaxial,  or  triaxial  shake  table  tests,  execute  the 
tests,  and  record  all  test  response  data.  The  system  also  provides  extensive  data  analysis  and  plotting 
capabilities.  A  128-channel  transducer  signal  conditioning  and  data  acquisition  system  is  used  to  record 
test  response  data  from  a  wide  variety  of  transducers  such  as  accelerometers,  displacement  sensors,  strain 
gauges,  etc.  Shake  table  input  and  response  parameters  are  recorded  along  with  the  response  data  from 
the  test  item  mounted  on  the  shake  table  platform,  which  documents  the  input  and  the  response  of  each 
test. 


A.2  Instrumentation 

Instrumentation  was  provided  to  measure  displacements  and  accelerations  of  the  shake  table  platform  and 
model  structure  diaphragm,  and  strains  in  the  columns.  For  certain  model  configurations,  instrumentation 
was  provided  to  measure  strains  in  diagonal  bracing,  accelerations  at  the  top  of  the  mass  stack,  and 
relative  displacements  of  the  coliunn  bottom  plates.  Table  A.2  lists  all  of  the  data  channels,  including  for 
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which  model  configuration(s)  each  data  channel  was  utilized.  Figures  A. 2  —  A.  10  show  the  locations  of 
all  transducers,  and  where  appropriate,  the  directions  of  measured  displacement  or  acceleration. 

(A)  Accelerometers 

Endevco  model  7290-10  and  7290-30  accelerometers  were  used  to  measure  accelerations.  These 
accelerometers  employ  variable  capacitance  microsensors  with  a  frequency  response  of  0-500  Hz.  The 
accelerometers  were  connected  to  Endevco  model  4476.2  and  4476. 2A  signal  conditioners,  which 
provided  power,  balancing,  and  signal  amplification.  Acceleration  measurement  ranges  for  the  various 
sensors  differed,  but  checks  of  all  data  recorded  indicated  the  ranges  were  satisfactory.  All 
accelerometers  were  mounted  on  aluminum  blocks  that  had  been  epoxied  to  the  model,  the  shake  table,  or 
the  top  of  the  mass  stack. 

As  shown  in  Figure  A.2,  two  accelerometers  measured  the  north-south  accelerations  of  the  shake  table 
surface,  and  two  accelerometers  measured  the  east-west  accelerations  of  the  shake  table  surface.  In 
addition,  four  accelerometers  measured  the  vertical  accelerations  of  the  shake  table  surface.  This 
configuration  was  the  minimum  required  to  not  only  measure  the  accelerations  of  the  shake  table  surface 
along  each  of  the  three  axes,  but  to  also  measure  any  angular  accelerations  which  might  be  present  about 
each  of  the  three  axes.  In  addition,  three  accelerometers  located  within  the  shake  table  itself  measure  the 
accelerations  along  the  vertical  axis  and  both  horizontal  axes. 

As  shown  in  Figure  A.3,  the  diaphragm  accelerations  were  measured  by  five  accelerometers  along  the 
north-south  horizontal  axis,  and  five  accelerometers  along  the  east-west  horizontal  axis.  Based  on  the 
assumption  that  the  diaphragm  was  completely  rigid,  this  configuration  surpassed  the  minimum  required 
to  completely  measure  the  acceleration  and  angular  acceleration  motion  of  the  diaphragm,  as  discussed 
above.  However,  the  additional  accelerometers  provided  a  means  to  check  the  assumption  of  diaphragm 
rigidity,  providing  valuable  redundancy  in  the  acceleration  data  acquisition. 

For  one  test  configuration,  accelerometers  were  mounted  on  the  top  of  the  mass  stack  to  measure 
accelerations  along  both  horizontal  axes  as  shown  in  Figure  A.6.  These  accelerometers  provided  a  means 
of  verifying  that  the  masses  were  rigidly  attached  to  the  diaphragm,  and  that  the  entire  stack  was 
accelerating  in  concert  with  the  diaphragm.  One  of  the  test  configurations  in  which  the  masses  were 
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stacked  in  one  comer  only,  Test  Configuration  8,  was  chosen  to  measure  the  mass  stack  accelerations,  as 
this  configuration  would  be  the  most  severe  case  for  the  aforementioned  phenomenon. 

(B)  Absolute  Displacement  Tranducers 

Celesco  model  PTlOl-10  and  PT101-60A  variable  resistance  displacement  transducers  were  used  to 
measure  the  absolute  displacement  of  the  shaking  table.  The  Celesco  unit  employs  a  spring-loaded 
precision  rotary  potentiometer  with  flexible  steel  wire  cable  wrapped  areound  the  potentiometer  shaft. 

The  other  end  of  the  cable  is  attached  to  the  point  where  displacement  is  to  be  measured.  When 
displacement  occurs,  the  cable  motion  rotates  the  shaft  of  the  potentiometer,  causing  a  change  in  electrical 
resistance  that  is  proportional  to  displacement.  Transducers  were  coimected  to  Endevco  model  4471.3 
signal  conditioners,  which  provided  DC  power  and  electrical  balancing,  but  no  signal  amplification. 

The  transducers  were  moimted  on  large  steel  reference  frames  that  were  placed  on  the  shake  table 
foundation;  transducer  mounts  were  bolted  to  the  reaction  frame  members.  Transducer  sensing  elements 
were  attached  to  the  model  and  the  shake  table  using  stranded  steel  extension  wires.  In  measuring  the 
displacements  of  the  shaking  table  surface,  the  wires  were  typically  coimected  to  shake  table  moimting 
bolts  that  were  secured  in  the  shake  table  platform.  In  measuring  the  displacements  of  the  diaphragm,  the 
wires  were  typically  connected  below  the  diaphragm  to  the  ends  of  the  bolts  that  secure  the  column 
assemblies  to  the  diaphragm.  Measurement  locations  are  shown  in  Figures  A.4  and  A.5. 

As  shown  in  Figures  A.4  and  A.5,  three  displacements  were  measured  along  both  the  north-south  and 
east-west  horizontal  axis  of  both  the  shake  table  surface  and  the  diaphragm.  Three  displacements  along 
one  axis  allows  the  measmement  of  both  the  translational  and  rotational  motion.  In  actuality, 
displacements  at  only  two  locations  are  required  to  measure  both  of  these  motions  along  one  axis.  Thus, 
the  third  displacement  measurement  provides  a  measure  of  redundancy.  Utilizing  the  displacements 
along  the  other  horizontal  axis  to  measure  the  rotation  provides,  in  the  case  of  the  shake  table  surface, 
redundancy  for  the  rotation  measurement.  The  aforementioned  displacements  also  provide,  in  the  case  of 
the  diaphragm,  another  means  of  verifying  the  rigidity  of  the  diaphragm,  and  if  true,  provides  further 
redimdancy  in  the  displacement  data  acquisition. 
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(c)  Linear  Variable  Displacement  Transducers  (LVDTs) 


Schaevitz  model  HR200  AC  LVDTs  with  a  measurement  range  of  +/-  0.2  inches  were  used  to  measure 
vertical  uplift  displacement  between  the  base  of  a  column  and  the  shake  table  surface.  These 
measurements  were  performed  at  the  base  of  two  of  the  four  columns.  The  LVDTs  were  connected  to 
Endevco  model  4478.1  A  signal  conditioners,  which  provide  AC  power,  demodulation,  signal 
amplification  and  electrical  balancing. 

The  LVDTs  were  used  to  measure  the  displacement  of  the  column  bottom  plates  near  the  pipe  relative  to 
the  displacement  of  the  shake  table  surface  in  an  effort  to  check  on  the  possibility  of  bending  in  the 
column  bottom  plate.  As  seen  in  Figures  A.7  and  A.8,  a  28”  x  10”  x  2”  steel  plate  was  mounted  to  the 
shake  table  mounting  bolts  that  secure  the  column  base  plate.  A  smaller  10”  x  2”  x  14”  steel  plate  was 
then  clamped  to  the  larger  steel  plate.  The  LVDT  transducer  was  then  clamped  to  the  smaller  steel  plate. 
Note  that  in  Figures  A.7  and  A.8,  the  clamps  and  the  shake  table  mounting  bolts  have  been  omitted  fi-om 
the  diagrams  to  provide  clarity. 


(D)  Strain  Gages 

Electrical  resistance  strain  gages  were  installed  on  all  of  the  pipe  columns  used  in  the  first  seven  test 
configurations  and  on  the  steel  straps  used  as  diagonal  bracing  in  test  configurations  six  and  seven.  Each 
of  the  pipe  columns  was  instrumented  with  Measurements  Group  type  EA-06-125TF-120  strain  gages, 
which  contain  two  constantan  alloy  sensing  grids  located  in  a  90°  rosette  pattern  that  are  temperature 
compensated  for  steel.  These  gages  are  of  open-faced  construction  with  a  1 .0  mil  polyimide  film  backing. 
Each  gage  sensing  grid  is  0.125  inches  long  by  0.150  inches  wide.  Each  gage  was  connected  to  a  Vishay 
model  2120  signal  conditioner  to  provide  power,  balancing,  and  signal  amplification.  In  this 
configuration,  the  strain  gage  formed  two  arms  of  a  Wheatstone  bridge,  with  the  remaining  two  arms 
consisting  of  precision  resistors  in  the  signal  conditioner  equipment. 

For  each  pipe  column,  as  shown  in  Figure  A.  9,  four  gages  were  equally  spaced  about  the  perimeter  at 
each  end,  for  a  total  of  eight  gages,  hi  placing  the  four  gages  around  the  pipe  perimeter,  two  were  lined 
up  along  the  north-south  axis,  and  two  along  the  east-west  axis,  in  order  to  measure  each  of  the  two 
bending  moment  components  in  the  pipe  at  the  location  of  the  strain  gages.  Prior  to  attaching  each  gage 
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to  the  column,  the  column  surface  in  the  vicinity  of  the  proposed  gage  location  was  groimd  to  remove  the 
rough  surface  treatment  on  the  pipe  columns. 

In  order  to  facilitate  the  computation  of  the  bending  moments  from  the  strain  measurements,  strain  gages 
should  be  placed  at  a  location  that  does  not  experience  plastic  strain.  The  closer  the  gages  are  to  the  ends 
of  the  pipe,  the  larger  the  measured  strains  will  be.  In  the  first  four  test  configurations,  the  gages  were 
placed  approximately  10  inches  from  each  end  of  the  pipe  column.  However,  the  data  indicated  that  the 
strain  gages  were  experiencing  plastic  strain.  In  the  following  three  test  configurations,  the  gages  were 
moved  to  approximately  15  inches  from  each  end  of  the  pipe.  For  the  last  test  configuration,  strain  gages 
were  not  mounted  on  the  pipe  columns.  Prior  to  being  placed  in  the  model,  each  column  assembly  was 
subjected  to  a  proof  test  in  a  650-kip  load  frame.  The  aforementioned  650-kip  load  frame  is  located  at 
Newmark  Civil  Engineering  Laboratory  at  the  University  of  Illinois  at  Urbana-Champaign.  The  piupose 
of  these  proof  tests  was  to  check  the  integrity  of  the  pipe  column  to  base  plate  welds,  and  also  to  calibrate 
the  strain  gages.  The  calibration  check  of  the  strain  gages  was  performed  by  comparing  the  output  of  the 
strain  gages  to  the  strain  calculated  using  another  strain  measuring  device,  a  clip-on  defiection  gage  with 
a  known  gage  length. 

The  diagonal  bracing,  as  seen  in  Figure  A.  10,  used  in  test  configurations  six  and  seven  was  instrumented 
with  Measurements  Group  type  EA-06-125TF-120  strain  gages,  which  contain  two  constantan  alloy 
sensing  grids  located  in  a  90°  rosette  pattern  that  are  temperature  compensated  for  steel.  These  gages  are 
of  open-faced  construction  with  a  1 .0  mil  polyimide  film  backing.  Each  gage  sensing  grid  is  0. 125  inches 
long  by  0.150  inches  wide.  Each  gage  was  connected  to  a  Vishay  model  2120  signal  conditioner  to 
provide  power,  balancing,  and  signal  amplification.  In  this  configuration,  the  strain  gage  formed  two 
arms  of  a  Wheatstone  bridge,  with  the  remaining  two  arms  consisting  of  precision  resistors  in  the  signal 
conditioner  equipment. 

The  design  of  each  strap  was  to  act  as  a  tension-only  brace.  Thus,  using  only  two  strain  gages  each  brace 
would  be  satisfactory  to  characterize  the  brace  behavior.  The  braces  were  expected  to  buckle  in 
compression,  therefore,  the  strain  gages  were  placed  as  far  away  from  the  center  of  the  strap  as  possible, 
in  a  location  where  the  out-of-plane  bending  of  the  strap  during  buckling  would  not  damage  the  strain 
gage.  However,  the  strain  gages  needed  to  be  placed  far  enough  away  from  the  locations  where  the 
braces  were  welded  to  the  gusset  plates  to  ensure  that  strains  would  be  uniform  throughout  the  strap  cross 
section,  or  to  minimize  St.  Venant’s  effects.  The  gages  were  ultimately  placed  approximately  19-1/2 
inches  from  the  strap  ends,  which  corresponds  to  approximately  5  inches  from  the  locations  where  the 
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braces  were  welded  to  the  gusset  plates.  Prior  to  being  placed  on  the  model,  each  diagonal  brace  strap 
was  subjected  to  a  proof  test  in  a  850-kip  load  frame  in  order  to  calibrate  the  strain  gages.  The  850-kip 
load  frame  previously  mentioned  is  located  at  the  Construction  Engineering  Research  Laboratory 
(CERL). 

In  Figure  A.  10,  two  strain  gage  channels  are  shown  at  each  strain  gage  location  on  the  diagonal  braces. 
The  first  channels  listed  correspond  to  the  strain  gages  located  on  the  braces  on  the  north  side  of  the 
model  structure,  which  is  the  side  shown  in  the  figure.  The  second  channels  listed  correspond  to  the 
strain  gages  located  in  the  same  position  on  the  braces  on  the  south  side  of  the  model  structure.  Thus, 
SD4T  is  the  channel  corresponding  to  the  strain  gage  on  the  top  of  the  northeast  brace,  while  SDIT  is  the 
channel  corresponding  to  the  strain  gage  on  the  top  of  the  southeast  brace. 


(E)  Data  Acquisition  AND  Shaking  Table  Control 

Figure  A.  1 1  is  a  schematic  block  diagram  of  the  instrumentation,  data  acquisition,  and  test  control 
systems.  The  transducer  channels  were  recorded  using  a  digital  data  acquisition  system.  Transducer 
output  signals  were  connected  to  the  STEX  data  acquisition  system,  which  has  a  128-channel  capability. 
All  data  was  sampled  at  200  Hz.  The  STEX  data  acquisition  system  provides  a  sample-and-hold  and 
antialias  filter  on  each  channel  to  prevent  time-skewing  and  eliminate  high-frequency  noise  and  aliasing 
effects.  The  Seismic  Test  Execution  (STEX)  computer  program  includes  setup  and  execution  of  the 
seismic  test,  data  acquisition  of  experimental  test  data,  data  analysis,  and  data  management  information. 
All  of  this  information  is  incorporated  into  a  common  database  for  each  test  performed. 
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Z  Axis  [Vertical] 
(Triaxial  /  Biaxial) 

XAxis  [N-Sj 
(Triaxial  /  Biaxial) 

Y  Axis  [E-W] 
(Triaxial  Only) 

Actuators 

9  @  90  kips 

6  @  75  kips 

2  @  75  kips 

Maximum  Stoke 

+/-1.38in 

.+/-2.75  in 

+/-  6.0  in 

Peak  Velocity 

30  in/sec 

50  in/sec 

50  in/sec 

Peak  Acceleration 

1.0g/30g 

2.0g/20g 

2.0  g 

Frequency  Range 

100  Hz/ 200  Hz 

100  Hz/ 200  Hz 

100  Hz 

Test  Specimen  Weight 

120  kips  / 12  kips 

Table  A.  1  TESS  Performance  Parameters 
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Transducer 

Quantity 

Direction 

Gage  Location 

Configuration 

AT2Y 

Acceleration 

E-W  Axis 

Table  Surface,  South  Side 

1,2,3,4,5, 6,7,8 

AT2Z 

Acceleration 

Vertical 

Table  Surface,  South  Side 

1, 2,3,4, 5,6,7,8 

AT4X 

Acceleration 

N-S  Axis 

Table  Surface,  West  Side 

1,2,3,4,5,6,7,8 

AT4Z 

Acceleration 

Vertical 

Table  Surface,  West  Side 

1,2,3,4,5,6,7,8 

AT6Y 

Acceleration 

E-W  Axis 

Table  Surface,  North  Side 

1,2,3,4,5,6,7,8 

AT6Z 

Acceleration 

Vertical 

Table  Surface,  North  Side 

1,2,3,4,5,6,7,8 

AT8X 

Acceleration 

N-S  Axis 

Table  Surface,  East  Side 

1,2,3,4,5, 6,7,8 

AT8Z 

Acceleration 

Vertical 

Table  Surface,  East  Side 

1,2,3,4,5, 6,7,8 

ASIX 

Acceleration 

N-S  Axis 

Diaphragm,  Southeast  Comer 

1,2,3,4,5,6,7,8 

ASIY 

Acceleration 

E-W  Axis 

Diaphragm,  Southeast  Comer 

1,2,3,4,5,6,7,8 

AS2Y 

Acceleration 

E-W  Axis 

Diaphragm,  South  Side 

1,2,3,4,5,6,7,8 

AS3X 

Acceleration 

N-S  Axis 

Diaphragm,  Southwest  Comer 

1,2,3,4,5,6,7,8 

ASSY 

Acceleration 

E-W  Axis 

Diaphragm,  Southwest  Comer 

1,2,3,4,5,6,7,8 

AS4X 

Acceleration 

N-S  Axis 

Diaphragm,  West  Side 

1,2,3,4,5,6,7,8 

AS5X 

Acceleration 

N-S  Axis 

Diaphragm,  Northwest  Comer 

1,2,3,4,5,6,7,8 

ASSY 

Acceleration 

E-W  Axis 

Diaphragm,  Northwest  Comer 

1,2,3,4,5,6,7,8 

AS6Y 

Acceleration 

E-W  Axis 

Diaphragm,  Midpoint  of  North  Side 

1,2,3,4,5,6,7,8 

AS7X 

Acceleration 

N-S  Axis 

Diaphragm,  Northeast  Comer 

1,2,3,4,5,6,7,8 

AS7Y 

Acceleration 

E-W  Axis 

Diaphragm,  Northeast  Comer 

1,2,3,4,5, 6,7,8 

AS8X 

Acceleration 

N-S  Axis 

Diaphragm,  East  Side 

1,2,3,4,5,6,7,8 

AS9X 

Acceleration 

N-S  Axis 

Diaphragm,  Center 

1,2,3,4,5,6,7,8 

AS9Y 

Acceleration 

E-W  Axis 

Diaphragm,  Center 

1,2,3,4,5, 6,7,8 

ATX 

Acceleration 

N-S  Axis 

Internal  to  Table,  Center 

1,2,3,4,5,6,7,8 

ATY 

Acceleration 

E-W  Axis 

Internal  to  Table,  Center 

1,2,3,4,5,6,7,8 

ATZ 

Acceleration 

Vertical 

Internal  to  Table,  Center 

1,2,3,4,5,6 

AM7X 

Acceleration 

N-S  Axis 

Top  of  Mass  Stack 

8 

AM7Y 

Acceleration 

E-W  Axis 

Top  of  Mass  Stack 

8 

Table  A.2.a  Instrumentation  List  for  Model 
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Transducer 

Direction 

Gage  Location 

Conflguration 

DTX 

Displacement 

N-S  Axis 

Internal  to  Table,  Center 

1,2, 3,4,5, 6,7, 8 

DTY 

Displacement 

E-W  Axis 

Internal  to  Table,  Center 

1,2,3,4,5,6,7,8 

DTZ 

Displacement 

Vertical 

Internal  to  Table,  Center 

1,2,3,4,5,6,7,8 

DT3Z 

Displacement 

Vertical 

Southwest  Comer  Column  Base  Plate 

1,2,3,4,5,6 

DT5Z 

Displacement 

Vertical 

Northwest  Comer  Column  Base  Plate 

1,2,3,4,5,6 

DTIX 

Displacement 

N-S  Axis 

Table  Surface,  Southeast  Comer 

1,2,3,4,5,6,7,8 

DT2X 

Displacement 

N-S  Axis 

Table  Surface,  Midpoint  of  South  Side 

1,2,3,4,5,6,7,8 

DT3X 

Displacement 

N-S  Axis 

Table  Surface,  Southwest  Comer 

1,2,3,4,5,6,7,8 

DT3Y 

Displacement 

E-W  Axis 

Table  Surface,  Southwest  Comer 

1,2,3,4,5, 6,7,8 

DT4Y 

Displacement 

E-W  Axis 

Table  Surface,  Midpoint  of  West  Side 

1,2,3,4,5,6,7,8 

DT5Y 

Displacement 

E-W  Axis 

Table  Surface,  Northwest  Comer 

1,2,3,4,5,6,7,8 

DTPIT 

Displacement 

Pitch  Axis 

Internal  to  Table,  Center 

7 

DTROL 

Displacement 

Roll  Axis 

Internal  to  Table,  Center 

7 

DTYAW 

Displacement 

Yaw  Axis 

Internal  to  Table,  Center 

7 

DSIX 

Displacement 

N-S  Axis 

Diaphragm,  Southeast  Comer 

1,2,3,4,5,6,7,8 

DS2X 

Displacement 

N-S  Axis 

Diaphragm,  Midpoint  of  South  Side 

1,2,3,4,5,6,7,8 

DS3X 

Displacement 

N-S  Axis 

Diaphragm,  Southwest  Comer 

1,2,3,4,5,6,7,8 

DS3Y 

Displacement 

E-W  Axis 

Diaphragm,  Southwest  Comer 

1,2,3,4,5,6,7,8 

DS4Y 

Displacement 

E-W  Axis 

Diaphragm,  Midpoint  of  West  Side 

1,2,3,4,5,6,7,8 

DS5Y 

Displacement 

E-W  Axis 

Diaphragm,  Northwest  Comer 

1,2,3,4,5,6,7,8 

VTX 

Velocity 

N-S  Axis 

Internal  to  Table,  Center 

7 

VTY 

Velocity 

E-W  Axis 

Internal  to  Table,  Center 

7 

VTZ 

Velocity 

Vertical 

Internal  to  Table,  Center 

7 

Table  A.2.b  Instrumentation  List  for  Model 
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Transducer 

Quantity 

Direction 

Gage  Location 

Configuration 

SITS 

Strain 

Column 

Southeast  Column,  Top,  South  Side 

1,2,3,4,5,6,7 

SITW 

Strain 

Column 

Southeast  Column,  Top,  West  Side 

1,2,3,4,5,6,7 

SITN 

Strain 

Column 

Southeast  Column,  Top,  North  Side 

1,2,3,4,5,6,7 

SITE 

Strain 

Column 

Southeast  Column,  Top,  East  Side 

1,2,3,4,5,6,7 

SIBS 

Strain 

Column 

Southeast  Column,  Bottom,  South  Side 

1,2,3,4,5,6,7 

SIBW 

Strain 

Column 

Southeast  Column,  Bottom,  West  Side 

1,2,3,4,5,6,7 

SIBN 

Strain 

Column 

Southeast  Column,  Bottom,  North  Side 

1,2,3,4,5,6,7 

SIBE 

Strain 

Column 

Southeast  Column,  Bottom,  East  Side 

1,2,3,4,5,6,7 

S2TS 

Strain 

Column 

Southwest  Column,  Top,  South  Side 

1, 2,3,4, 5,6,7 

S2TW 

Strain 

Column 

Southwest  Column,  Top,  West  Side 

1,2,3,4,5,6,7 

S2TN 

Strain 

Column 

Southwest  Column,  Top,  North  Side 

1,2,3,4,5,6,7 

S2TE 

Strain 

Column 

Southwest  Column,  Top,  East  Side 

1,2,3,4,5,6,7 

S2BS 

Strain 

Column 

Southwest  Column,  Bottom,  South  Side 

1,2,3,4,5,6,7 

S2BW 

Strain 

Column 

Southwest  Column,  Bottom,  West  Side 

1,2,3,4,5,6,7 

S2BN 

Strain 

Column 

Southwest  Column,  Bottom,  North  Side 

1,2,3,4, 5,6,7 

S2BE 

Strain 

Column 

Southwest  Column,  Bottom,  East  Side 

1,2,3,4,5,6,7 

S3TS 

Strain 

Column 

Northwest  Column,  Top,  South  Side 

1,2,3,4,5,6,7 

S3TW 

Strain 

Column 

Northwest  Column,  Top,  West  Side 

1,2,3,4,5,6,7 

S3TN 

Strain 

Column 

Northwest  Column,  Top,  North  Side 

1,2,3,4,5,6,7 

S3TE 

Strain 

Column 

Northwest  Column,  Top,  East  Side 

1,2,3,4,5,6,7 

S3BS 

Strain 

Column 

Northwest  Column,  Bottom,  South  Side 

1,2,3,4,5,6,7 

S3BW 

Strain 

Column 

Northwest  Column,  Bottom,  West  Side 

1,2,3,4,5,6,7 

S3BN 

Strain 

Column 

Northwest  Column,  Bottom,  North  Side 

1,2,3,4,5,6,7 

S3BE 

Strain 

Column 

Northwest  Column,  Bottom,  East  Side 

1,2,3,4,5,6,7 

S4TS 

Strain 

Column 

Northeast  Column,  Top,  South  Side 

1,2,3,4,5,6,7 

S4TW 

Strain 

Column 

Northeast  Column,  Top,  West  Side 

1,2,3,4,5,6,7 

S4TN 

Strain 

Column 

Northeast  Column,  Top,  North  Side 

1,2,3,4, 5,6,7 

S4TE 

Strain 

Column 

Northeast  Column,  Top,  East  Side 

1,2,3,4,5,6,7 

S4BS 

Strain 

Column 

Northeast  Column,  Bottom,  South  Side 

1,2,3,4,5,6,7 

S4BW 

Strain 

Column 

Northeast  Column,  Bottom,  West  Side 

1,2,3,4,5,6,7 

S4BN 

Strain 

Column 

Northeast  Column,  Bottom,  North  Side 

1,2,3,4,5,6,7 

S4BE 

Strain 

Column 

Northeast  Column,  Bottom,  East  Side 

1,2,3,4,5,6,7 

Table  A.2.c  Instrumentation  List  for  Model 
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Transducer 

Quantity 

Direction 

Gage  Location 

Conflguration 

SDIB 

Strain 

Diagonal  Brace 

Southeast  Diagonal  Brace,  Bottom 

6,7 

SDIT 

Strain 

Diagonal  Brace 

Southeast  Diagonal  Brace,  Top 

6,7 

SD2B 

Strain 

Diagonal  Brace 

Southwest  Diagonal  Brace,  Bottom 

6,7 

SD2T 

Strain 

Diagonal  Brace 

Southwest  Diagonal  Brace,  Top 

6,7 

SD3B 

Strain 

Diagonal  Brace 

Northwest  Diagonal  Brace,  Bottom 

6,7 

SD3T 

Strain 

Diagonal  Brace 

Northwest  Diagonal  Brace,  Top 

6,7 

SD4B 

Strain 

Diagonal  Brace 

Northeast  Diagonal  Brace,  Bottom 

6,7 

SD4T 

Strain 

Diagonal  Brace 

Northeast  Diagonal  Brace,  Top 

6,7 

Table  A.2.d  Instrumentation  List  for  Model 
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Figure  A.7  Elevation  View  of  Column  Base  Plate  LVDT  Transducer 


Figure  A.  8  Plan  View  of  Column  Base  Plate  LVDT  Transducer 
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Figure  A.  10  Diagonal  Brace  Strain  Gage  Locations 


structural  Model 


Figure  A.l  1  Block  Diagram  Showing  Shake  Table  Controls  and  Data  Acquisition  Systems 
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